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ABSTRACT 
One	  of	  the	  most	  motivating	  concepts	  that	  is	  being	  explored	  in	  the	  human	  cancer	  research	  
field	   is	   the	  cancer	   stem	  cell	   (CSC)	  hypothesis,	  which	  states	   that	  a	  minority	  of	   transformed	  cells,	  
with	  acquired	  stem	  or	  progenitor	  properties,	  are	  the	  source	  of	  tumour	  cell	  renewal	  and	  thereby	  
determine	  tumour	  behaviour.	  In	  canine	  mammary	  cancer	  (CMC),	  few	  studies	  have	  focused	  on	  the	  
existence	  of	  cancer	  stem	  cells.	  If	  stem/progenitor	  cells	  are	  the	  targets	  for	  transforming	  events	  in	  
canine	  mammary	  gland,	  as	  proposed	   for	  human	  breast	  cancer,	   the	  elucidation	  of	   the	  molecular	  
pathways	   that	   regulate	   self-­‐renewal	   activity	   of	   cancer	   stem	   cells	   and	   their	   interaction	  with	   the	  
microenvironmental	  niche	  will	  provide	  potential	  therapeutic	  targets	  for	  this	  disease.	  	  
Through	  an	  in	  vitro	  approach	  (three	  mammary	  tumour	  cell	  lines),	  we	  have	  identified	  cells	  
with	   stem-­‐like	   properties,	   by	   using	   a	   mammosphere	   formation	   assay.	   A	   phenotypical	  
characterization	   by	   flow	   cytometry,	   immunofluorescence	   and	   western	   blot	   has	   also	   been	  
performed,	  as	  well	  as	  functional	  assays.	  In	  addition,	  we	  have	  evaluated	  the	  immunohistochemical	  
expression	  of	  CSC	  markers	  (ALDH1,	  CD24,	  CD44)	  in	  a	  series	  of	  112	  canine	  mammary	  carcinomas.	  
Our	   results	   showed	   that	   these	   cell	   lines	   reflect	   the	   heterogeneity	   of	   canine	   mammary	  
cancer,	  as	  they	  display	  different	  phenotypical	  characteristics	  as	  well	  as	  functional	  properties.	  With	  
regard	  to	  CSC	  phenotype,	  cell	  lines	  exhibited	  distinct	  expression	  patterns.	  Flow	  cytometry	  showed	  
that	   CMT-­‐3p,	   the	   most	   invasive	   cell	   line,	   was	   highly	   enriched	   for	   the	   CD44+/CD24low	   CSC	  
phenotype.	   All	   cell	   lines	   presented	   ALDH	   activity	   and	   were	   able	   to	   grow	   as	   spheroids	   in	  
anchorage-­‐independent	   conditions,	   with	   CD44+CD24-­‐/lowALDH1+	   phenotype	   apparently	   related	  
with	   this	   capacity.	   On	   the	   other	   hand,	   in	   our	   in	   vitro	  model,	   epithelial	  mesenchymal	   transition	  
(EMT)	  was	  not	  necessarily	   associated	  with	   stem-­‐cell	   traits,	   given	   that	  CMT-­‐2p,	   the	   cell	   line	   that	  
presented	   more	   mesenchymal	   markers,	   was	   the	   cell	   line	   that	   expressed	   less	   CSC	   markers.	  
Concerning	  to	  canine	  mammary	  carcinomas,	  CD44	  (81.1%)	  was	  the	  CSC	  marker	  most	   frequently	  
observed,	   being	   rarely	   found	   in	   solid	   carcinoma	   subtype.	   CD24	   was	   infrequent,	   while	   ALDH1	  
expression	   was	   frequently	   observed	   both	   in	   epithelial	   and	   stromal	   cells.	   No	   association	   was	  
observed	  between	  CSC	  markers	  expression	  and	  aggressive	   tumour	  behaviour.	   In	   fact,	  a	  positive	  
epithelia	   ALDH1	   expression	   was	   significantly	   associated	   with	   better	   overall	   and	   disease-­‐free	  
survival.	  
Our	   results	   further	   consolidate	   the	   stem	   cell	   theory	   in	   this	   animal	   model;	   however,	  
additional	   studies	   are	   required	   in	   order	   to	   unravel	   its	   biological	   significance	   in	   this	   complex	  
disease.	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  tumours,	  cancer	  stem	  cells,	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  and	  CD24.	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RESUMO 
Um	   dos	   conceitos	   mais	   motivantes	   na	   área	   da	   Oncobiologia	   é	   a	   teoria	   das	   células	  
estaminais	   tumorais	   (CSC),	   a	   qual	   defende	   que	   uma	   minoria	   de	   células	   transformadas,	   com	  
propriedades	   estaminais,	   constituem	   a	   origem	   da	   renovação	   celular	   neoplásica,	   pelo	   que	   são	  
determinantes	  no	  seu	  comportamento	  biológico.	  No	  cancro	  de	  mama	  canino	  (CMC)	  são	  poucos	  os	  
estudos	  acerca	  da	  existência	  de	  CSC.	  No	  entanto,	  caso	  as	  células	  estaminais/progenitores	  sejam	  
de	  facto	  o	  alvo	  da	  transformação	  neoplásica	  na	  glândula	  mamária	  canina,	  como	  foi	  proposto	  para	  
o	  cancro	  de	  mama	  humano,	  a	  elucidação	  das	  vias	  moleculares	  que	  regulam	  a	  actividade	  das	  CSC	  e	  
a	  sua	  interacção	  com	  o	  microambiente,	  fornecerá	  potenciais	  alvos	  terapêuticos	  para	  esta	  doença.	  
Usando	   uma	   abordagem	   in	   vitro	   (três	   linhas	   celulares	  mamárias	   caninas),	   identificámos	  
células	  com	  propriedades	  estaminais,	  através	  do	  ensaio	  de	  formação	  de	  mamosferas.	  Foi	  também	  
realizada	   caracterização	   fenotípica	   por	   citometria	   de	   fluxo,	   imunofluorescência	   e	   western	   blot,	  
assim	   como	   estudos	   funcionais.	   Foi	   ainda	   avaliada,	   pela	   técnica	   da	   imuno-­‐histoquímica,	   a	  
expressão	  de	  marcadores	  de	  CSC	  (ALDH1,	  CD24,	  CD44)	  numa	  série	  de	  112	  casos	  de	  CMC.	  
	   Os	   nossos	   resultados	   referentes	   às	   linhas	   celulares	   parecem	   refletir	   a	   heterogeneidade	  
verificada	   nos	   tumores	   mamários	   caninos,	   visto	   apresentarem	   diferentes	   características	  
fenotípicas	   e	   propriedades	   funcionais.	   No	   que	   diz	   respeito	   ao	   fenótipo	   estaminal,	   as	   linhas	  
celulares	   apresentaram	   padrões	   de	   expressão	   diferentes.	   A	   citometria	   demonstrou	   que	   a	   linha	  
CMT-­‐3p,	  a	  mais	  invasiva,	  apresentou	  enriquecimento	  no	  fenótipo	  CD44+/CD24low.	  Todas	  as	  linhas	  
celulares	   apresentaram	   actividade	   da	   ALDH	   e	   foram	   capazes	   de	   crescer	   em	   condições	  
independents	   de	   ancoragem,	   como	   esferóides,	   estando	   o	   fenótipo	   CD44+CD24-­‐
/lowALDH1+aparentemente	  relacionado	  com	  esta	  capacidade.	  Por	  outro	  lado,	  no	  nosso	  modelo	   in	  
vitro,	  a	  transição	  epitelial-­‐mesenquimatosa	  não	  parece	  estar	  associada	  a	  características	  de	  células	  
estaminais,	  uma	  vez	  que	  a	  linha	  celular	  que	  apresentou	  mais	  marcadores	  mesenquimais	  foi	  a	  que	  
patenteou	  menos	  marcadores	  de	  CSC.	  	  
	   No	   que	   diz	   respeito	   aos	   carcinomas	  mamários	   caninos,	   o	   CD44	   (81,1%)	   foi	   o	  marcador	  
observado	  mais	   frequentemente,	   sendo	   incomum	   nos	   carcinomas	   sólidos.	   O	   CD24	   apresentou	  
expressão	  rara,	  enquanto	  a	  expressão	  da	  ALDH1	  foi	  observada	  frequentemente	  tanto	  nas	  células	  
epiteliais	   como	   estromais.	   Não	   se	   observou	   qualquer	   associação	   entre	   o	   fenótipo	   CSC	   e	   um	  
comportamento	   biológico	   mais	   agressivo.	   Pelo	   contrario,	   a	   expressão	   da	   ALDH1	   encontrou-­‐se	  
significativamente	  associada	  com	  melhor	  prognóstico.	  
	   Os	   nossos	   resultados	   reforçam	   a	   teoria	   das	   CSC	   neste	   modelo	   animal;	   no	   entanto,	  
consideramos	   essenciais	   estudos	   adicionais	   in	   vitro	   e	   in	   vivo	   no	   sentido	   de	   descortinar	   o	   seu	  
significado	  biológico	  nesta	  complexa	  doença.	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2	  
1. CANINE	  MAMMARY	  TUMOURS	  
Canine	   mammary	   gland,	   similarly	   to	   the	   one	   from	   felines,	   rodents	   and	   humans,	   is	  
frequently	  affected	  by	  spontaneous	  tumours.	  These	  tumours	  constitute	  approximately	  25	  to	  50%	  
of	   all	   neoplasias	   in	   female	   dog,	   occurring	   in	   a	   frequency	   three	   times	   greater	   than	   the	   level	  
reported	  in	  human	  populations	  (Strandberg	  and	  Goodman,	  1974,	  Misdorp	  et	  al.,	  1999,	  Sorenmo,	  
2003,	  Oliveira	  et	  al.,	  2009).	  Canine	  mammary	  tumours	  represent	  a	  heterogeneous	  group	  in	  terms	  
of	  morphology	  and	  biological	  behaviour,	  and	  have	  been	  the	  focus	  of	  intensive	  research	  over	  the	  
last	   few	   decades	   (Gama,	   2011).	   These	   tumours	   constitute	   a	   serious	   problem	   in	   worldwide	  
veterinary	   practice	   and	   a	   matter	   of	   concern	   for	   both	   oncologists	   and	   pathologists.	   Canine	  
mammary	   cancer	  has	  been	   suggested	  as	   an	  excellent	  model	   for	   studying	  human	  breast	   cancer,	  
due	  to	  their	  similar	  histologic	  origin	  and	  comparable	  regional	  and	  systemic	  metastasis.	  In	  addition,	  
these	   appear	   in	   significant	   numbers	   at	   a	   similar	   relative	   age	   (Strandberg	   and	   Goodman,	   1974,	  
Destexhe	  et	  al.,	  1993,	  Munson	  and	  Moresco,	  2007).	  	  
Dogs	  usually	  develop	  five	  pairs	  of	  mammary	  glands,	  although	  four	  or	  six	  pairs	  have	  been	  
found	  in	  a	  few	  animals.	  There	  are	  two	  thoracic	  (M1	  and	  M2),	  two	  abdominal	  (M3	  and	  M4),	  and	  
one	   inguinal	   (M5)	   pair	   of	  mammary	   glands	   and	   each	   teat	   has	   between	   seven	   and	   sixteen	   duct	  
openings.	  Each	  duct	  will	  constitute	  a	  lobe	  of	  the	  adult	  mammary	  gland,	  acting	  as	  an	  independent	  
functional	  unit	  within	  the	  gland.	  During	  dog	  development	  and	  growth,	  mammary	  glands	  continue	  
to	  develop	  and,	  until	   the	   time	  of	  puberty,	   the	  ducts	  extend	  only	  a	   short	  distance	   from	  the	   teat	  
(Sorenmo	  et	  al.,	  2011).	  	  
In	  the	  normal	  canine	  and	  human	  mammary	  glands,	  ducts	  and	  lobules	  are	  lined	  by	  two	  cell	  
layers:	  an	  inner	  luminal	  cell	  layer,	  composed	  of	  glandular	  epithelial	  cells,	  and	  a	  distinct	  outer	  basal	  
cell	   layer,	   juxtaposed	   to	   the	   basement	   membrane	   and	   morphologically	   heterogeneous,	   since	  
these	  cells	  appear	  either	  spindle-­‐shaped	  or	  cuboidal,	  depending	  on	  their	  location	  in	  the	  branching	  
structure	   of	   breast	   ducts	   and	   on	   the	   hormonal	   status	   of	   the	   tissue	   (Gusterson	   et	   al.,	   2005,	  
Sorenmo	   et	   al.,	   2011).	   In	   both	   species,	   the	   luminal	   epithelial	   cells	   have	   been	   identified	   with	  
markers	  for	  epithelial	  cells,	  being	  characterized	  by	  the	  expression	  of	  low	  molecular	  weight	  luminal	  
cytokeratins	   (CKs),	   including	   CK8,	   CK18,	   CK19,	   and	   CK7	   (Destexhe	   et	   al.,	   1993,	   Foulkes,	   2004,	  
Gusterson	   et	   al.,	   2005,	   Gama	   et	   al.,	   2010,	   Goldschmidt	   et	   al.,	   2011,	   Sorenmo	   et	   al.,	   2011).	   In	  
contrast,	  the	  outer	  cell	  layer	  is	  formed	  by	  cells	  that	  variably	  express	  high	  molecular	  weight	  basal	  
CKs,	   such	  as	  CK5,	  CK6,	  CK14	  and	  17,	   in	  addition	   to	  other	  markers	   such	  as	  alpha-­‐smooth	  muscle	  
actin	  (α-­‐SMA),	  calponin,	  p63,	  P-­‐cadherin	  and	  vimentin	  (Destexhe	  et	  al.,	  1993,	  Gama	  et	  al.,	  2003,	  
Gama	  et	  al.,	  2004,	  Gusterson	  et	  al.,	  2005,	  Gama	  et	  al.,	  2008b,	  Reis-­‐Filho	  and	  Tutt,	  2008,	  Gama	  et	  
al.,	  2010,	  Sassi	  et	  al.,	  2010,	  Goldschmidt	  et	  al.,	  2011,	  Sorenmo	  et	  al.,	  2011).	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In	   veterinary	   medicine,	   mammary	   gland	   tumours	   are	   classified	   according	   to	   their	  
morphology,	  providing	  good	  prognostic	   indications	   that	  may	  be	  enhanced	  by	   further	  prognostic	  
tools,	   such	  as	   staging,	  histological	   grade,	   tumour	   size,	  proliferation	   indexes,	   lymph	  node	   status,	  
hormone	   receptor	   status	   and	   adhesion	   molecules	   expression.	   However,	   canine	   malignant	  
mammary	  tumours	  are	  a	  heterogeneous	  group	  of	  neoplasms,	  which	  would	  greatly	  benefit	  from	  a	  
classification	   system	   that	   addresses	  molecular	  differences,	   similar	   to	   those	  described	   for	  breast	  
cancer	   in	  women	   (Sorlie	  et	  al.,	  2001).	  Based	  on	   this	  molecular	  classification,	  a	   few	  studies	  have	  
also	   defined	   different	   subgroups	   in	   canine	   mammary	   cancer,	   namely	   luminal	   and	   basal-­‐like	  
cancers	   (Sorlie	  et	  al.,	  2001,	  Gama	  et	  al.,	  2008a,	  Sassi	  et	  al.,	  2010).	  Only	  Gama	  et	  al.	  described	  a	  
HER2	  overexpressing	  subgroup	  (Gama	  et	  al.,	  2008a).	  
Griffey	   et	   al.	   (1993)	   applied	   the	   “basal	   carcinoma”	   nomenclature	   in	   canine	   mammary	  
carcinomas	   for	   the	   first	   time,	   based	   on	   the	   immunohistochemical	   expression	   of	   CK14;	   like	   in	  
humans,	  these	  carcinomas	  showed	  aggressive	  clinical	  behaviour,	  characterized	  by	  the	  lack	  of	  ER,	  
PgR	   and	   HER2	   expression,	   leading	   to	   an	   association	   with	   triple-­‐negative	   breast	   cancer	   (TNBC).	  
Interestingly,	  Gama	  et	  al.	  (2008)	  found,	  using	  the	  canine	  model,	  an	  association	  between	  basal-­‐like	  
molecular	  subtype	  with	  specific	  carcinoma	  tumour	  histological	   types	   (like	  simple	  carcinoma	  and	  
carcinosarcoma	   types),	   and	  with	   carcinomas	  harbouring	  high	  histological	   grade,	   lymphovascular	  
invasion,	  high	  proliferation	  and	   low	  survival	   rates,	   corroborating	   the	   results	  described	   in	   recent	  
human	   literature	   for	  basal-­‐like	  breast	  cancer	   (Griffey	  et	  al.,	  1993,	  Matos	  et	  al.,	  2005,	  Kim	  et	  al.,	  
2006,	  Livasy	  et	  al.,	  2006,	  Rakha	  et	  al.,	  2006,	  Gama	  et	  al.,	  2008a,	  Sassi	  et	  al.,	  2010).	  	  
It	   is	   not	   known	   if	   basal-­‐like	   phenotype	   represents	   a	   signature	   derived	   from	   the	   cell	   of	  
origin	  of	  these	  cancers,	  or	  if	  it	  is	  the	  result	  of	  differentiation	  from	  a	  precursor	  that	  is	  common	  to	  
all	   breast	   cancers	   and,	   therefore,	   does	   not	   reflect	   histogenesis.	   Some	   authors	   have	   been	  
proposing	   that	   there	   is	   a	   close	   relationship	   between	   the	   basal/myoepithelial	   compartment	   and	  
the	  stem/progenitor	  cells	  of	  the	  mammary	  gland,	  postulating	  a	  “hierarchy	  or	  stem	  cell”	  model	  of	  
breast	  carcinogenesis	  to	  elucidate	  the	  observed	  functional	  heterogeneity	  of	  breast	  tumours	  (Dick,	  
2003,	   Polyak	   and	   Hu,	   2005,	   Constantinidou	   et	   al.,	   2010,	   Sorenmo	   et	   al.,	   2011).	   Polyak	   (2007)	  
suggested	  that	  there	  are	  distinct	  tumour	  progression	  pathways	  for	  each	  tumour	  type,	  proposing	  
two	  hypothetical	  models	  to	  explain	  the	  differences	  among	  distinct	  molecular	  subtypes	  (Figure	  1)	  
(Polyak,	  2007b).	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Figure	  1.	  Breast	  tumour	  molecular	  subtypes	  explained	  by	  two	  hypothetical	  and	  distinct	  models.	  (A)	  Based	  on	  the	  cell	  of	  
origin	  model,	  each	  tumour	  subtype	  is	  initiated	  in	  a	  different	  cell	  type	  from	  the	  normal	  differentiation	  hierarchy	  of	  the	  
breast	   (presumably	   stem	  or	  progenitor	   cell).	   (B)	  Based	  on	   the	   tumour	   subtype-­‐specific	   transforming	  event	  model,	   in	  
which	  the	  cell	  of	  origin	  can	  be	  the	  same	  for	  different	  tumour	  subtypes,	  the	  tumour	  phenotype	  is	  primarily	  determined	  
by	  acquired	  genetic	  and	  epigenetic	  events	  (adapted	  from	  Polyak,	  2007b).	  
 
 
2. CANCER	  STEM	  CELLS	  (CSCS)	  
Stem	   cells	   have	   been	   proposed	   as	   an	   attractive	   target	   for	   cancer	   transformation,	   since	  
they	   share	  many	   characteristics	  with	   cancer	   cells,	   including	   the	  mechanisms	   that	   regulate	   self-­‐
renewal.	   In	   addition,	   the	  notion	   that	   tumours	   contain	  CSCs,	  which	  are	   rare	   cells	  with	   indefinite	  
proliferative	   potential	   that	   drive	   tumour	   formation	   and	   growth,	   also	   support	   this	   hypothesis.	  
Indeed,	  these	  cells	  are	  commonly	  defined	  by	  their	   in	  vivo	   tumour	   initiation	  capacity.	  Correlating	  
with	  this,	  several	  pathways	  and	  genes	  required	  for	  normal	  stem	  cell	  function	  are	  activated	  in	  CSCs	  
and	  play	  essential	   roles	   in	   tumorigenesis	   (Reya	  et	  al.,	  2001,	  Shipitsin	  et	  al.,	  2007,	  Gadalla	  et	  al.,	  
2011).	  	  
Like	  normal	   stem	  cells,	  CSCs	   can	  divide	  either	   symmetrically	  or	  asymmetrically.	   In	   some	  
circumstances,	  a	  stem	  cell	  can	  be	  stimulated	  to	  divide	  symmetrically,	  to	  produce	  two	  stem	  cells,	  
which	  lead	  to	  an	  increase	  of	  the	  stem	  cells	  pool.	  These	  stem	  cells	  are	  considered	  to	  be	  immortal,	  
proliferating	   indefinitely	   until	   they	   are	   induced	   to	   differentiate	   or	   to	   go	   under	   apoptosis.	   But,	  
curiously,	  asymmetric	  DNA	  segregation	  during	  cell	  division	  is	  a	  property	  only	  ascribed	  to	  stem	  and	  
progenitor	  cells.	  In	  this	  type	  of	  division,	  one	  daughter	  cell	  maintains	  stemness	  like	  its	  mother	  cell,	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while	  its	  sib,	  a	  progenitor	  cell,	  can	  start	  its	  role	  as	  a	  potential	  origin	  of	  a	  differentiated	  cell	  lineage,	  
as	  well	  as	  the	  transit	  cell	  to	  expand	  the	  population	  of	  that	  particular	  lineage	  (Trosko,	  2009).	  	  
In	  humans,	  cancers	  of	  the	  hematopoietic	  system	  (leukaemias)	  provide	  the	  best	  evidence	  
that	  normal	  stem	  cells	  are	  the	  targets	  of	  transforming	  mutations	  and	  that	  cancer	  proliferation	  is	  
driven	  by	  CSCs.	  In	  this	  particular	  disease,	  both	  normal	  stem	  cells	  and	  CSCs	  are	  well	  characterized	  
(Reya	  et	  al.,	  2001).	  However,	  it	  has	  been	  shown	  that	  breast	  cancer	  is	  also	  maintained	  by	  a	  set	  of	  
relatively	   few	  cells	   termed	  breast	  cancer	   tumour	   initiating	  cells	  or	  CSCs.	  These	  small	  number	  of	  
human	   breast	   cancer	   cells	   are	   able	   to	   initiate	   tumour	   formation	   upon	   transplantation	   into	   the	  
cleared	  mammary	  fat	  pad	  of	  NOD-­‐SCID	  mice	  (Stingl	  and	  Caldas,	  2007,	  Gadalla	  et	  al.,	  2011).	  	  
In	   recent	   literature,	   it	   has	   been	   shown	   that	   CSCs	   are	   not	   only	   defined	   as	   a	   subset	   of	  
tumour	   cells	   with	   stem-­‐cell-­‐like	   properties,	   but	   are	   thought	   to	   be	   responsible	   for	   the	   growth,	  
progression,	  drug	   resistance,	   tumour	   recurrence,	   fast	  blood	  vessel	   formation,	  promotion	  of	   cell	  
motility	  and	  metastasis	  (Polyak,	  2007a,	  Shipitsin	  et	  al.,	  2007,	  Charafe-­‐Jauffret	  et	  al.,	  2008).	  Thus,	  it	  
is	   important	   to	   note	   the	   difference	   between	   CSCs	   and	   the	   tumour	   cell	   of	   origin.	   The	   last	   is	   a	  
normal	   cell	   that	   acquires	   the	   first	   cancer-­‐promoting	  mutations,	   also	   known	   as	   cancer-­‐initiating	  
cells.	  However,	  this	  is	  not	  necessarily	  related	  to	  CSCs,	  which	  constitute	  a	  cellular	  subset	  within	  the	  
tumour	  that	  uniquely	  sustains	  malignant	  growth,	  also	  known	  as	  cancer-­‐propagating	  cells	   (Figure	  
2)	  (Visvader,	  2011).	  
 
Figure	  2.	  The	  cell	  of	  origin	  and	  evolution	  of	  a	  CSC.	  The	  cell	  of	  origin	  for	  a	  particular	  tumour	  could	  be	  an	  early	  precursor	  
cell,	   such	   as	   a	   common	   progenitor;	   the	   accumulation	   of	   further	   epigenetic	  mutations	   by	   a	   cell	   within	   the	   aberrant	  
population	  (in	  this	  case	  expanded)	  during	  neoplastic	  progression	  may	  result	  in	  the	  emergence	  of	  a	  CSC.	  In	  this	  model,	  
only	   the	  CSCs	   (and	  not	  other	   tumour	  cells)	  are	  capable	  of	   sustaining	   tumorigenesis.	  Thus,	   the	  cell	  of	  origin,	   in	  which	  
tumorigenesis	  is	  initiated,	  may	  be	  distinct	  from	  the	  CSC,	  which	  propagates	  the	  tumour	  (adapted	  from	  Visvader,	  2011).	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2.1. 	  CSC	  Hypothesis	  
Two	   distinct	   models	   were	   proposed	   to	   explain	   the	   establishment	   and	   maintenance	   of	  
tumour	   heterogeneity	   (Figure	   3).	   	   Although	   not	   necessarily	   mutually	   exclusive,	   the	   suggested	  
theories	  are:	  1)	   the	  clonal	  evolution	  model	   (or	   stochastic	   theory)	  and	  2)	   the	  CSC	  hypothesis	   (or	  
hierarchy	  theory).	  The	  combination	  of	  these	  two	  models	  (e.g.,	  clonal	  evolution	  of	  CSCs)	  was	  also	  
proposed	   as	   plausible	   (Dick,	   2003,	   Campbell	   and	   Polyak,	   2007,	   Polyak,	   2007b,	   Visvader	   and	  
Lindeman,	  2008).	  
Portraying	  the	  clonal	  evolution	  model,	  tumour	  cell	  phenotypes	  are	  determined	  based	  on	  
the	  combination	  of	  the	  cell	  type	  of	  origin	  and	  the	  acquisition	  of	  various	  combinations	  of	  genetic	  
mutations,	   epigenetic	   alterations,	   and	   paracrine	   signals	   from	   surrounding	   cells.	   It	   has	   been	  
proposed	   that	   genetic	   drift	   and	   stepwise	   natural	   selection	   for	   the	   fittest,	  most	   aggressive	   cells	  
drive	   tumour	   progression.	   According	   to	   this,	   tumour	   initiation	   is	   caused	   by	  multiple	   alterations	  
that	  occur	   in	  a	   random	  single	  cell,	  providing	   it	  with	  a	  selective	  growth	  advantage	  over	  adjacent	  
normal	  cells.	  Cellular	  phenotypes	  are	  not	  stable	  during	  this	  process	  and	  can	  change	  as	  the	  tumour	  
evolves.	   This	   genetic	   instability	   and	  uncontrolled	  proliferation	   can	   allow	   the	  production	  of	   cells	  
with	  additional	  mutations	  and	  hence,	  new	  characteristics.	  These	  cells	  may	  leave	  a	  large	  number	  of	  
offspring	  by	  chance,	  or	   the	  new	  mutations	  may	  provide	  a	  growth	  advantage	  over	  other	   tumour	  
cells,	  such	  as	  resistance	  to	  apoptosis.	  In	  either	  case,	  new	  subpopulations	  of	  variant	  cells	  are	  born,	  
and	   other	   subpopulations	   may	   contract,	   resulting	   in	   tumour	   heterogeneity.	   In	   other	   words,	  
according	   with	   this	   model,	   all	   cells	   have	   a	   high	   proliferative	   capacity,	   and	   are	   also	   capable	   to	  
undergo	   self-­‐renewing	   division;	   thus,	   all	   these	   cells	   have	   the	   potential	   to	   contribute	   to	   tumour	  
progression	  and	  drug	  resistance	  (Miller	  et	  al.,	  2005,	  Polyak,	  2007b).	  	  
In	  the	  present	  work,	  we	  will	  be	  focusing	  on	  the	  CSCs	  hypothesis,	  which	  states	  that	  there	  is	  
a	  particular	  fraction	  of	  cells	  resident	  within	  the	  tumour	  with	  stem	  cell-­‐like	  properties,	  called	  CSCs,	  
which	   drive	   tumour	   initiation,	   progression,	   and	   recurrence	   (Dick,	   2003,	   Wicha	   et	   al.,	   2006,	  
Campbell	   and	   Polyak,	   2007,	   Polyak,	   2007b,	   Visvader,	   2011).	   Lindeman	   and	   Visvader	   (2010)	  
referred	   to	   CSCs	   as	   the	   apex	   of	   the	   tumour	   hierarchy,	   analogous	   to	   stem	   cells	   in	   the	   normal	  
epithelial	  hierarchy,	  which	  do	  not	  necessarily	  need	  to	  have	  arisen	  through	  the	  transformation	  of	  a	  
normal	   stem	   cell	   (Dick,	   2003,	   Lindeman	   and	   Visvader,	   2010,	   Monroe	   et	   al.,	   2011).	   However,	  
Campbell	  and	  Polyak	  (2007)	  reported	  that	  CSCs	  are	  widely	  believed	  to	  arise	  from	  normal	  stem	  or	  
progenitor	  cells	  of	  an	  adult	  tissue	  (Campbell	  and	  Polyak,	  2007).	  	  
Indeed,	  many	  theories	  in	  biology	  are	  supported	  by	  many	  general	  observations.	  First	  of	  all,	  
normal	  stem	  cells	  may	  be	  the	  cells	  in	  which	  cancer	  begins,	  because	  they	  have	  been	  shown	  to	  exist	  
in	  many	  tissues	  from	  which	  cancer	  often	  develops,	  such	  as	  blood,	  brain,	  lung,	  breast	  and	  prostate	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(Campbell	  and	  Polyak,	  2007).	  These	  cells	  are	  also	  long-­‐living,	  suggesting	  that	  are	  more	  susceptible	  
to	  acquire	  multiple	  mutations/alterations	   than	  other	  cells	   (Campbell	  and	  Polyak,	  2007,	  Charafe-­‐
Jauffret	  et	  al.,	  2008).	  Second,	  the	  tumour	  traits	  of	  monoclonality,	  unlimited	  proliferative	  capacity,	  
and	   phenotypic	   heterogeneity	   that	   includes	   a	   variety	   of	   differentiation	   states	   with	   some	   non-­‐
dividing	  cells,	  could	  be	  explained	  by	  tumours	  originating	   from	  a	  self-­‐renewing,	  multipotent,	  and	  
slow	   cycling	   cell	   (Miller	   et	   al.,	   2005).	   Third,	   the	   epigenetic	   mechanisms	   and	   the	   extracellular	  
microenvironment	  can	   regulate	  both	  normal	   stem	  cells	  and	  cancer	   cells,	  which	   regulate	   several	  
cellular	   functions,	   such	  as	   induction	  of	  angiogenesis,	   resistance	  to	  apoptosis	  and	  drugs,	  and	  cell	  
migration,	   associating	   stem-­‐like	   cancer	   cells	   with	   tumour	   initiation,	   recurrence,	   and	  metastasis	  
(Reya	   et	   al.,	   2001,	   Visvader,	   2011).	   In	   addition,	   cancer	   cells	   often	   show	   signalling	   pathways	  
normally	  associated	  with	  stem	  cell	  function,	  such	  as	  Wnt,	  Hedgehog,	  and	  Notch	  pathways,	  either	  
activated	  or	  deregulated	  (Hill,	  2006).	  Finally,	  the	  observation	  that	  a	  large	  number	  of	  tumour	  cells	  
are	   required	   to	   successfully	   transplant	   tumours,	   even	   between	   syngeneic	   mice	   with	   identical	  
immune	  systems,	  suggests	  that	  only	  a	  fraction	  of	  tumour	  cells	  are	  tumorigenic	  (Hill,	  2006,	  Wicha	  
et	  al.,	  2006).	  
 
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  3.	  Two	  general	  models	  to	  explain	  heterogeneity	  in	  solid	  cancers.	  (A)	  In	  the	  clonal	  evolution	  model,	  all	  cells	  have	  
similar	  tumourigenic	  capacity.	  New	  tumourigenic	  clones	  may	  emerge	  in	  a	  stochastic	  manner	  and	  contribute	  to	  tumour	  
heterogeneity.	  (B)	  In	  the	  CSC	  model,	  subsets	  of	  CSCs	  are	  capable	  of	  tumour	  propagation.	  These	  cells	  have	  self-­‐renewal	  
properties	  and	  are	  capable	  of	  recapitulating	  a	  tumour	  hierarchy	  (adapted	  from	  Reya	  et	  al.,	  2001).	  
 
2.2. 	  Breast	  CSC	  Markers	  
The	  main	  goal	  of	  both	  researchers	  and	  oncologists	  is	  to	  understand	  how	  many	  and	  which	  
tumour	  cells	  must	  be	  eliminated	  for	  a	  given	  treatment	  to	  succeed.	  Taking	   into	  account	  the	  new	  
concept	   of	   CSCs,	   this	   can	   be	   used	   to	   explain	  why	   current	   cancer	   therapies	   (chemotherapy	   and	  
radiation)	  are	   relatively	   ineffective	   (Sheridan	  et	  al.,	   2006,	  Charafe-­‐Jauffret	  et	  al.,	   2009a,	  Trosko,	  
2009,	  Resetkova	  et	  al.,	  2010).	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Considering	  the	  CSC	  hypothesis,	  it	  is	  important	  to	  identify	  and	  eliminate	  CSCs,	  in	  order	  to	  
eradicate	   the	  tumour.	  Thus,	  expression	  of	  specific	  cell	   surface	  markers	  has	  been	  widely	  used	  to	  
isolate	  CSCs,	  but	  these	  markers	  vary	  depending	  on	  tissues	  or	  species.	  The	  following	  markers	  have	  
been	  considered	  as	  the	  ones	  important	  to	  study	  human	  breast	  CSCs.	  
	    
2.2.1. CD44/CD24	  
Putative	   stem	  and	  differentiated	  epithelial	   cells	   have	  been	  purified	   from	  cancerous	   and	  
normal	  breast	  tissue,	  using	  the	  cell	  surface	  markers	  CD44	  and	  CD24	  (Polyak,	  2007b).	  
CD44,	   also	   named	   Hermes	   antigen,	   H-­‐CAM	   or	   Pgp-­‐1	   antigen,	   is	   one	   of	   the	   most	   well	  
recognized	   breast	   CSC	   markers	   and	   is	   a	   widely	   distributed	   integral	   membrane	   glycoprotein	  
expressed	   by	   a	   variety	   of	   normal	   and	   neoplastic	   cell	   types,	   being	   involved	   in	   cell-­‐cell	   and	   cell-­‐
matrix	   interactions.	   It	   is	   a	   known	   receptor	   for	   hyaluronic	   acid	   and	   interacts	  with	   other	   ligands,	  
such	   as	   matrix	   metalloproteases	   (MMPs)	   (Ohene-­‐Abuakwa	   and	   Pignatelli,	   2000,	   Al-­‐Hajj	   et	   al.,	  
2003,	  Monroe	  et	  al.,	  2011).	  CD44	   is	  a	  molecule	  with	  multiple	   isoforms,	  with	  pleiotropic	   roles	   in	  
cell	   signalling,	   proliferation,	   adhesion,	   migration	   and	   homing,	   whose	   expression	   has	   been	  
reported	   to	   allow	   selective	   enrichment	   for	   breast	   tumour-­‐initiating	   cells	   (Raouf	   et	   al.,	   2008,	  
Visvader	   and	   Lindeman,	   2008,	   Brown	   et	   al.,	   2011).	   Approximately	   twenty	   CD44	   isoforms	   have	  
been	   described,	   which	   are	   the	   result	   of	   alternative	   RNA	   splicing,	   occurring	   from	   a	   single	   gene	  
found	  on	  the	  short	  arm	  of	   the	  human	  chromosome	  11.	   In	  contrast	   to	  non-­‐neoplastic	   tissues,	  at	  
least	  nine	  alternative	   spliced	  products	  of	   the	  CD44	  gene	   showed	  amplified	  expression	   in	  breast	  
and	   colonic	   carcinomas	   and	   their	  metastasis.	   The	   standard	   isoform	  CD44H	  or	   CD44s	   (90kDa)	   is	  
broadly	   distributed	   in	   haematopoietic	   cells,	   fibroblasts,	   and	   numerous	   tumours	   of	   both	  
mesenchymal	   and	   neuroectodermal	   origin,	   whereas	   CD44E	   (150kDa)	   appears	   restricted	   to	  
subsets	  of	  normal	  epithelial	  cells.	  Curiously,	  CD44v	  is	  expressed	  by	  several	  malignant	  cells,	  being	  
described	   in	   human	   cancers	   such	   as	   melanomas,	   lung	   cancers	   and	   brain	   metastasis,	   with	   its	  
expression	   correlating	   with	   high	   metastatic	   potential	   (Ohene-­‐Abuakwa	   and	   Pignatelli,	   2000,	  
Visvader	  and	  Lindeman,	  2008).	  
CD24,	   also	   known	   as	   heat	   stable	   antigen	   (HSA)	   in	   mouse,	   consists	   in	   a	   small	   protein	  
comprising	  27	  amino	  acids,	  which	  is	  extensively	  glycosylated	  and	  is	  bound	  to	  the	  membrane	  via	  a	  
glycosyl	  phosphatidylinositol	  (GPI)	  anchor of	  heterogeneous	  molecular	  weight	  (ranging	  from	  30	  to	  
70kDa)	  (Aigner	  et	  al.,	  1997,	  Kristiansen	  et	  al.,	  2003,	  Baumann	  et	  al.,	  2005).	  This	  protein	  functions	  
as	   an	   adhesion	   molecule	   for	   P-­‐selectin	   and	   L1	   and	   is	   expressed	   in	   cells	   of	   the	   hematopoietic	  
system,	  such	  as	  at	  the	  early	  stages	  of	  B-­‐cell	  development	  and	  neutrophils,	  in	  neuronal	  tissue,	  and	  
in	  certain	  epithelial	  cells,	  such	  as	  keratinocytes	  and	  renal	  tubular	  epithelium.	  However,	  it	  is	  absent	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on	  normal	  T	  cells	  or	  monocytes	  (Aigner	  et	  al.,	  1997,	  Baumann	  et	  al.,	  2005,	  Visvader	  and	  Lindeman,	  
2008).	  	  
Although	   CD24	   is	   not	   usually	   found	   in	   adult	   human	   tissues,	   it	   is	   expressed	   in	   many	  
carcinomas	   and	   it	   is	   thought	   that	   its	   expression	   is	   related	  with	   tumorigenesis,	   progression	   and	  
metastasis.	   Polyak	   (2007)	   found	   an	   increased	   number	   of	   CD24+	   cells	   in	   distant	   metastases	  
compared	   to	   matched	   primary	   tumours,	   possibly	   because	   CD24	   has	   been	   identified	   as	   an	  
alternative	  ligand	  of	  P-­‐selectin,	  an	  adhesion	  receptor	  on	  activated	  endothelial	  cells	  and	  platelets	  
(Aigner	   et	   al.,	   1997,	   Kristiansen	  et	   al.,	   2003,	  Baumann	  et	   al.,	   2005,	  Campbell	   and	  Polyak,	   2007,	  
Polyak,	  2007a).	  	  
Interestingly,	   several	   studies	   described	   a	   subpopulation	   of	   cells	   in	   human	   mammary	  
carcinomas	  with	   the	  phenotype	  CD44+/CD24-­‐/lin-­‐	   that	  display	  CSC	  properties.	  This	  evidence	  was	  
first	   described	   by	   Al-­‐Hajj	   and	   colleagues	   (2003),	   which	   showed	   that	   this	   cell	   population	   shares	  
with	  normal	  stem	  cells	  the	  ability	  to	  proliferate	  extensively	  and	  to	  give	  rise	  to	  diverse	  cell	   types	  
with	  reduced	  developmental	  or	  proliferative	  potential.	  These	  authors	  also	  showed	  that	  as	  few	  as	  
200	  cells	  with	  this	  phenotype	  were	  able	  to	  generate	  tumours	  in	  NOD/SCID	  mice,	  whereas	  20,000	  
cells	  that	  did	  not	  display	  this	  phenotype	  failed	  to	  do	  so	  (Al-­‐Hajj	  et	  al.,	  2003,	  Korkaya	  et	  al.,	  2008,	  
Charafe-­‐Jauffret	  et	  al.,	  2009a,	  Bhat-­‐Nakshatri	  et	  al.,	  2010).	  
	  
2.2.2. ALDH1	  
ALDH	   enzymes	   catalyse	   the	   oxidation	   of	   aliphatic	   and	   aromatic	   aldehydes	   to	   carboxylic	  
acids.	  Aldehyde	  dehydrogenase	  1	  (ALDH1)	  is	  a	  detoxifying	  enzyme	  responsible	  for	  the	  oxidation	  of	  
intracellular	  aldehydes,	  which	  have	  a	  role	  in	  early	  differentiation	  of	  stem	  cells	  through	  its	  role	  in	  
oxidizing	  retinol	  to	  retinoic	  acid	  (Ginestier	  et	  al.,	  2007,	  Charafe-­‐Jauffret	  et	  al.,	  2008,	  Visvader	  and	  
Lindeman,	   2008,	   Charafe-­‐Jauffret	   et	   al.,	   2009a).	   Retinoic	   acid	   signalling	   is	   linked	   to	   cellular	  
differentiation	   during	   development	   and	   plays	   a	   role	   in	   stem	   cell	   self-­‐protection	   throughout	   an	  
organism	  lifespan	  (Croker	  et	  al.,	  2009).	  
Interestingly,	   Ginestier	   et	   al.	   (2007)	   demonstrated	   that	   expression	   of	   ALDH1	   in	   human	  
breast	   tumours	   is	   a	  predictor	  of	  poor	   clinical	  outcome,	  and	   that	  high	  ALDH1	  activity	   selects	   for	  
both	  normal	  and	   tumorigenic	  human	  mammary	  epithelial	   cells	  with	   stem/progenitor	  properties	  
(Ginestier	  et	  al.,	  2007,	  Croker	  et	  al.,	  2009,	  Resetkova	  et	  al.,	  2010).	  In	  addition,	  in	  animal	  models,	  
500	  cells	   from	  the	  subset	  ALDH1+	  were	   found	   to	  give	   rise	   to	   tumours	   in	  as	   few	  as	  40	  days;	   this	  
tumour	   forming	   ability	   of	   ALDH1+	   was	   further	   enhanced	   if	   cells	   shared	   the	   CD44+/CD24-­‐	  
phenotype,	  with	   the	   cell	   population	  bearing	  both	  CSCs	  phenotypes	  being	   characterized	  by	  high	  
tumourigenic	  capacity,	  generating	  a	  tumour	  from	  as	  few	  as	  20	  cells.	  In	  contrast,	  ALDH1-­‐	  cells	  and	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CD44+/CD24-­‐/Lin-­‐	  were	  not	  able	   to	  generate	   tumours,	  even	  when	   implanted	  50000	  cells/fat	  pad	  
(Ginestier	  et	  al.,	  2007,	  Resetkova	  et	  al.,	  2010).	  
Therefore,	   the	   use	   of	   ALDH1	   activity	   as	   a	   purification	   strategy	   allows	   non-­‐toxic	   and	  
efficient	   isolation	   of	   human	   stem-­‐like	   cells.	   Novel	   findings	   by	   Croker	   and	   collaborators	   (2009)	  
showed	   that	   CSC	   markers	   expression	   select	   for	   stem-­‐like	   breast	   cancer	   cells	   with	   enhanced	  
malignant	  and	  metastatic	  properties,	  suggesting	  ALDHhi/CD44+/CD24-­‐	  stem-­‐like	  cells	  as	  important	  
contributors	  to	  breast	  cancer	  metastasis	  (Croker	  et	  al.,	  2009).	  	  
Interestingly,	  cells	  with	  the	  CD44+/CD24-­‐/ALDH1+	  phenotype	  are	  more	  frequently	  found	  in	  
basal-­‐like	   than	   in	   luminal	   breast	   tumours,	   which	   highlights	   an	   enrichment	   of	   putative	   tumour-­‐
initiating	  cells	  in	  the	  aggressive	  basal-­‐like	  subtype	  (Ricardo	  et	  al.,	  2011).	  
 
2.2.3.	  Integrins	  
Integrins	   represent	   a	   major	   family	   of	   transmembrane	   receptors	   for	   cell	   adhesion,	  
mediating	   cell-­‐ECM	   (extracellular	  matrix)	   and	   cell-­‐cell	   adhesive	   interactions.	   They	   also	   regulate	  
signal	  transduction	  pathways	  important	  for	  a	  wide	  variety	  of	  cell	  functions,	  such	  as	  the	  control	  of	  
cell	   shape,	   motility,	   proliferation,	   survival	   and	   cell-­‐type-­‐specific	   gene	   expression	   (Figure	   4A),	  
playing	  an	  important	  role	  in	  morphogenesis,	  differentiation	  and	  maintenance	  of	  mammary	  stem	  
and	  progenitor	  cells	  (Hynes,	  2002,	  Gilcrease,	  2007,	  Raymond	  et	  al.,	  2012).	  	  
These	  proteins	  are	  heterodimers,	  composed	  by	  a	  single	  α	  and	  a	  single	  β	  subunit	  through	  a	  
non-­‐covalent	   bound.	   Both	   subunits	   participate	   in	   ligand	   recognition,	   with	   multiple	   different	  
integrins	  being	  expressed	  in	  most	  cells	  of	  adult	  mammals	  (Gilcrease,	  2007,	  Raymond	  et	  al.,	  2012).	  
To	  date,	  at	   least	  8	  β	  and	  18	  α	  subunits,	  which	  assemble	   into	  24	  different	   integrins	  with	  distinct	  
ligand	  specificities,	  have	  been	  discovered	  (Figure	  4B)	  (Hynes,	  2002,	  Taddei	  et	  al.,	  2003,	  Barczyk	  et	  
al.,	   2010).	   Most	   reports	   describe	   heterogeneous	   patterns	   of	   integrin	   expression	   in	   tumour	  
specimens,	  although	   the	   role	  of	   integrins	   is	   very	   clear	   concerning	   the	  maintenance	  of	  epithelial	  
cell	   polarity	   and	   the	   regulation	   of	   epithelial	   differentiation,	   since	   their	   ablation	   could	   result	   in	  
abnormalities	  and	  lethality	  (Gilcrease,	  2007).	  	  
Focal	  Adhesion	  Kinase	  (FAK)	  is	  a	  cytoplasmic	  tyrosine	  kinase	  which	  has	  been	  implicated	  in	  
signal	  transduction	  promoted	  by	  integrins,	  as	  well	  as	  by	  other	  cell	  surface	  receptors,	  being	  linked	  
with	   increased	   cell	   invasion	   (Luo	   et	   al.,	   2009,	   Ablett	   et	   al.,	   2012).	   Also,	   a	   direct	   link	   between	  
integrin	   signalling	   through	  FAK	  and	  breast	  CSCs	  has	  been	   suggested	  by	   Luo	  et	   al.	   (2009),	  which	  
demonstrated	  that	  FAK	  ablation	  reduced	  the	  number	  of	  CSCs	  in	  primary	  tumours	  obtained	  from	  
FAK-­‐knockout	  mice	  (Luo	  et	  al.,	  2009).	  Other	  studies	  demonstrated	  the	  importance	  of	  the	  integrin	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signalling	   in	  cell	  survival	  by	  the	  activation	  of	  FAK	  and	  PI3K-­‐Akt	  pathway,	   inhibiting	  key	  apoptotic	  
molecules	  and	  activating	  anti-­‐apoptotic	  signalling	  pathways	  (Figure	  4C)	  (Shaw,	  1999,	  Mercurio	  et	  
al.,	   2001a,	   Gilcrease,	   2007,	   Pontier	   and	  Muller,	   2009,	   Zhong	   and	   Rescorla,	   2011).	   The	   previous	  
data	   suggest	   that	   integrins	   expression	   could	   mediate	   resistance	   to	   anoikis,	   an	   apoptotic	  
mechanism	  that	  is	  induced	  by	  loss	  of	  cell	  anchorage	  (Weaver	  et	  al.,	  2002,	  Zahir	  et	  al.,	  2003,	  Carroll	  
et	  al.,	  2006).	  	  	  	  
 
 
 
 
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	   4.	   (A)	   Integrins	   synergized	  with	  other	   cell	   surface	   receptors	   including	   growth	   factor	   receptors	   activate	   largely	  
unknown	  signalling	  pathways	  to	  affect	  cell	  proliferation	  and	  differentiation,	  cell	  shape	  and	  migration,	  and	  other	  events	  
(adapted	  from	  Hynes,	  2002);	   	  (B)	  Representation	  of	  the	  integrin	  family.	   In	  vertebrates,	  the	  integrin	  family	  contains	  24	  
heterodimers	   (adapted	   from	   Barczyk	   et	   al.,	   2010);	   (C)	   Integrin‒ECM	   interaction	   activates	   intracellular	   signalling	  
pathways	  leading	  to	  cell	  survival	  (adapted	  from	  Zhong	  and	  Rescorla,	  2011).	  	  
	  
In	   fact,	   integrin	   receptors	   have	   been	   clearly	   implicated	   in	   human	   breast	   cancer	   and	  
evidence	  exists	  demonstrating	   that	  α6β1	  and	  α6β4	   integrin	  heterodimers	  and	   their	   intracellular	  
signalling	  effects	  play	  essential	  roles	  in	  tumour	  initiation	  and	  progression	  (Shaw,	  1999,	  Mercurio	  
et	  al.,	  2001b,	  Raymond	  et	  al.,	  2012).	  Thus,	   it	   is	   thought	  that	  the	  attachment	  of	  stem/progenitor	  
cells	   through	  α6β1	  and	  α6β4	   to	   interstitial	  matrix	  components,	   such	  as	   laminins,	  might	   support	  
their	   stem	   cell	   activity,	   or	   contribute	   to	   a	   cancer	   stem	   cell	   phenotype	   (Gilcrease,	   2007,	   Pontier	  
and	  Muller,	  2009).	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2.3. 	  CSCs	  Regulation	  
Similar	  signalling	  pathways	  appear	  to	  regulate	  self-­‐renewal	  in	  normal	  stem	  cells,	  as	  well	  as	  
in	  CSCs.	  Indeed,	  it	  is	  known	  that	  a	  number	  of	  genetic	  pathways	  involved	  in	  stem	  cell	  self-­‐renewal	  
are	  highly	   involved	   in	  cancer	  development.	  These	  pathways,	   that	   include	  Hedgehog	   (Hh),	  Notch	  
and	  Wnt	   pathways	   (Figure	   5),	   have	   been	   shown	   to	   promote	   the	   self-­‐renewal	   of	   somatic	   stem	  
cells,	  as	  well	  as	  neoplastic	  proliferation	  in	  the	  same	  tissues,	  when	  deregulated	  (Pardal	  et	  al.,	  2003,	  
Miller	  et	  al.,	  2005).	  Studies	  on	  these	  pathways	  have	  revealed	  close	  links	  between	  cancer	  cells	  and	  
normal	   stem	  cells	  and	  uncontrolled	  activation	  of	   these	  pathways	  may	   result	   in	   specific	   cancers,	  
possibly	   as	   an	   attempt	   to	   recapitulate	   normal	   embryonic	   organogenesis	   (Tysnes	   and	   Bjerkvig,	  
2007).	  
 
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  
	  
	  
	  
	  
Figure	  5.	  A	  simplified	  scheme	  demonstrating	  the	  major	  pathways	  associated	  with	  stem	  cells	  and	  cancer	  (adapted	  from	  
Tysnes	  and	  Bjerkvig,	  2007).	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2.3.1. Hedgehog	  signalling	  	  
Three	  Hh	  homologues	  have	  been	  identified	  in	  vertebrates,	  contrasting	  with	  the	  single	  Hh	  
gene	   found	   in	  Drosophila,	  which	  were	  called	  Sonic	  hedgehog	   (Shh),	  Desert	  hedgehog	   (Dhh)	  and	  
Indian	   hedgehog	   (Ihh),	   being	   expressed	   at	   different	   stages	   of	   ontogeny	   in	   different	   tissues	   and	  
harbouring	   distinct	   biological	   functions.	   The	   Hh	   pathway	   directs	   growth	   and	   tissue	   patterning	  
during	  embryonic	  development.	   It	  has	  been	  associated	  with	  self-­‐renewal	  and	  regulation	  of	  stem	  
cell	  number	  and	  tumourigenesis	  (Beachy	  et	  al.,	  2004,	  Liu	  et	  al.,	  2005,	  Miller	  et	  al.,	  2005).	  Hh	  signal	  
transduction	   is	   initiated	   by	   the	   binding	   of	   the	   processed	   and	   lipid	   modified	   Hh	   ligand	   to	   its	  
receptor	   Patched	   (Ptch1),	   a	   12-­‐pass	   transmembrane	  protein.	   In	   the	   absence	  of	   the	  Hh	  protein,	  
Ptch1	  represses	  signal	  transduction	  by	  inhibiting	  the	  Smoothened	  (Smo)	  transmembrane	  protein.	  
Upon	  Hh	  binding,	  the	  inhibitory	  function	  of	  Ptch1	  on	  Smo	  is	  abolished,	  resulting	  in	  Smo	  activation.	  
The	  ultimate	  step	  in	  the	  pathway	  consists	  in	  a	  dissociation	  of	  the	  large	  cytoplasmic	  complex	  from	  
microtubules	  and	  the	  translocation	  of	  Gli	   transcriptional	  activator	  to	  the	  nucleus,	   leading	  to	  the	  
transcriptional	   activation	   of	  Hh	   target	   genes	   (Beachy	   et	   al.,	   2004,	   Liu	   et	   al.,	   2005,	  Miller	   et	   al.,	  
2005,	  Tysnes	  and	  Bjerkvig,	  2007,	  Kasper	  et	  al.,	  2009).	  
Studies	   have	   indicated	   that	   Hedgehog	   signalling	   is	   important	   in	   embryonic	   mammary	  
gland	   induction,	   ductal	   morphogenesis	   and	   alveolar	   development.	   Genetic	   analyses	   of	   two	  
hedgehog	  genes,	  Ptch1	  and	  Gli-­‐2,	  have	  shown	  that	  these	  genes	  have	  a	  critical	  role	  for	  hedgehog	  
signalling	   in	  mediating	  epithelial	  stromal	   interactions	  during	  ductal	  development.	  The	  disruption	  
of	   either	   genes	   leads	   to	   ductal	   dysplasia	   similar	   to	   the	   hyperplasias	   of	   the	   human	   breast.	  
Therefore,	   Liu	   and	   collaborators	   verified	   the	   role	   of	   hedgehog	   signalling	   in	  mammary	   cell	   fate	  
determination,	   through	   mammosphere-­‐based	   culture	   system	   and	   showed	   that	   the	   addition	   of	  
recombinant	  Shh	  can	  stimulate	  the	  formation	  of	  primary	  and	  secondary	  mammospheres	  and	  can	  
also	  increase	  mammosphere	  size.	  These	  authors	  also	  used	  Smo	  inhibitor	  that	  blocked	  the	  process	  
of	   mammosphere	   formation	   (Liu	   et	   al.,	   2005).	   The	   importance	   of	   hedgehog	   signalling	   in	  
carcinogenesis	   has	   also	   been	   demonstrated	   by	   the	   fact	   that	   Ptch	   appear	   mutated	   in	   sporadic	  
forms	  of	  cancers,	  which	  would	  mean	  that	  this	  gene	  can	  function	  as	  a	  tumour	  suppressor,	  by	  the	  
fact	  that	  many	  of	  the	  genes	  involved	  in	  hedgehog	  signalling	  are	  known	  oncogenes,	  including	  Smo,	  
Shh,	   Gli-­‐1	   and	   Gli-­‐2.	   Additionally,	   the	   constitutive	   overexpression	   of	   Hh	   is	   also	   observed	   in	   a	  
number	  of	  cancers	  (Beachy	  et	  al.,	  2004,	  Liu	  et	  al.,	  2005,	  Miller	  et	  al.,	  2005).	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2.3.2. Notch	  signalling	  	  
The	  Notch	  signalling	  pathway	  is	  crucial	  in	  the	  regulation	  of	  cell	  fate	  in	  a	  variety	  of	  tissues.	  
In	  mammals,	  Notch	  proteins	  are	  represented	  by	  four	  homologues,	  Notch1	  to	  Notch4,	  expressed	  
in	   a	   variety	   of	   stem	  or	   early	   progenitor	   cells.	   They	   interact	  with	   several	   surface-­‐bound	   ligands,	  
known	   as	   DSL	   (Delta,	   Delta-­‐like,	   Jagged1	   and	   Jagged2	   in	   mammals),	   that	   are	   present	   on	  
neighbouring	  cells.	  The	  transmembrane	  Notch	  receptors	  undergo	  proteolytic	  cleavage	  after	  ligand	  
binding,	   releasing	   the	   Notch	   Intracellular	   Domain	   (NICD).	   This	   intramembrane	   cleavage	   is	  
followed	   by	   the	   translocation	   of	   NICD	   to	   the	   nucleus,	   where	   it	   interacts	  with	   the	   DNA-­‐binding	  
protein	   CSL.	   The	   last	   step	   comprise	   several	   mechanisms,	   in	   which	   CSL	   is	   transformed	   into	   a	  
transcriptional	  activator,	  and	  Hes	  and	  Herp	  Notch	   target	  genes	  are	  activated,	   forcing	   the	  cell	   to	  
stay	   in	  an	  undifferentiated	  state	   (Liu	  et	  al.,	  2005,	  Glazer	  et	  al.,	  2007,	  Tysnes	  and	  Bjerkvig,	  2007,	  
Bao	  et	  al.,	  2011).	  
Depending	  on	  the	  cellular	  and	  development	  context,	  Notch	  pathway	  acts	  as	  a	  regulator	  of	  
cell	  survival	  and	  cell	  proliferation.	  Notch	  signalling	  has	  been	  highlighted	  as	  a	  pathway	  involved	  in	  
breast	  development	  and	   is	   frequently	  deregulated	   in	   invasive	  breast	  cancer	  (Dontu	  et	  al.,	  2004,	  
Liu	   et	   al.,	   2005,	   Farnie	   and	   Clarke,	   2007,	   Glazer	   et	   al.,	   2007).	   Abnormal	   expression	   of	   Notch	  
receptors	   has	   been	   found	   in	   different	   types	   of	   epithelial	   metaplastic	   and	   neoplastic	   lesions,	  
suggesting	   that	  Notch	   act	   as	   proto-­‐oncogene	   (Dontu	   et	   al.,	   2004,	   Liu	   et	   al.,	   2005).	   In	   the	   same	  
study,	   Dontu	   et	   al.	   (2004)	   concluded	   that	   this	   pathway	   may	   contribute	   to	   mammary	  
carcinogenesis	   by	   deregulating	   the	   self-­‐renewal	   of	   normal	   mammary	   stem	   cells	   (Dontu	   et	   al.,	  
2004).	  Therefore,	   Farnie	  and	  Clarke	   (2007)	   investigated	   the	   role	  of	  Notch	   in	  pre-­‐invasive	  breast	  
lesions	  and	   found	   that	  aberrant	  activation	  of	  Notch	  signalling	   is	  an	  early	  event	   in	  breast	   cancer	  
(Farnie	  and	  Clarke,	  2007).	  Findings	  from	  Liu	  et	  al.	  (2005)	  suggested	  that	  Notch	  signalling	  is	  active	  
in	   several	   distinct	   developmental	   stages	   of	   the	   mammary	   gland	   and	   acts	   as	   a	   regulator	   of	  
asymmetric	  cell	  fate	  decisions	  (Liu	  et	  al.,	  2005).	  	  	  
2.3.3. Wnt	  signalling	  	  
Wnt	   signalling,	   initially	   identified	   in	   early	   embryogenesis	   of	  Drosophila,	   is	   involved	   in	   a	  
large	   set	   of	   cellular	   processes,	   including	   proliferation,	   differentiation,	  migration,	   and	   apoptosis	  
(Benhaj	   et	   al.,	   2005,	   Suzuki	   et	   al.,	   2008).	   Wnt	   proteins	   are	   secreted	   molecules	   that	   regulate	  
proliferation	   and	   patterning	   during	   development,	   being	   also	   important	   in	   stem	   cell	   lineage	  
determination	  and	  homeostasis	  in	  a	  variety	  of	  tissues,	  including	  the	  mammary	  gland	  (Pardal	  et	  al.,	  
2003,	  Liu	  et	  al.,	  2005,	  Miller	  et	  al.,	  2005).	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So	   far,	   the	  most	  well	   characterized	  Wnt	   signalling	   pathway	   is	   called	   the	   canonical	  Wnt	  
pathway.	  This	  pathway	   involves	   the	  binding	  of	  a	   soluble	  Wnt	  protein	   to	  Frizzled	   (FZD)	  and	  LDL-­‐
receptor-­‐related	  protein	  (LRP5	  or	  LRP6)	  transmembrane	  receptors,	  leading	  to	  their	  binding	  to	  the	  
intracytoplasmatic	  proteins	  disheveled	  (DSH)	  and	  axin,	  respectively.	  DSH	  will	  inhibit	  the	  activity	  of	  
a	  multiprotein	   complex	   that	   includes	   the	   adenomatous	   polyposis	   coli	   (APC),	   glycogen	   synthase	  
kinase-­‐3β	   (GSK3β)	   and	   the	   aforementioned	   axin.	   The	   normal	   function	   of	   this	   complex	   is	   to	  
phosphorylate	   β-­‐catenin	   (β-­‐cat)	   and	   thereby	   target	   it	   for	   ubiquitination	   and	   proteolysis.	   Wnt	  
signalling	   inhibits	   β-­‐cat	   destruction,	   leading	   to	   accumulation	   and	   translocation	   of	   β-­‐cat	   to	   the	  
nucleus	   where	   it	   can	   activate	   several	   target	   genes	   associated	   with	   cell	   proliferation	   and	   self-­‐
renewal	  (Brennan	  and	  Brown,	  2004,	  Miller	  et	  al.,	  2005,	  Tysnes	  and	  Bjerkvig,	  2007).	  
Due	  to	  its	  importance,	  the	  Wnt	  pathway	  is	  implicated	  in	  the	  pathogenesis	  of	  a	  number	  of	  
cancers,	  usually	  by	  activating	  mutations	  that	  result	   in	  a	   ligand-­‐independent	  state	  of	  constitutive	  
activity	   (Beachy	  et	  al.,	  2004,	  Miller	  et	  al.,	  2005).	  A	  direct	  role	   for	  dysfunction	  of	   this	  pathway	   in	  
cancer	  was	  established	  by	  experiments	  in	  transgenic	  mice	  that	  showed	  that	  activation	  of	  the	  Wnt	  
signalling	  pathway	   in	  epidermal	   stem	  cells	   leads	   to	  epithelial	   cancers.	  Moreover,	  a	   role	   for	  Wnt	  
signalling	   in	   self-­‐renewal	   of	  mammary	   stem	  cells	  was	   suggested	  by	   some	   studies,	   and	   this	  may	  
imply	   that	  mammary	   stem	   cells	   and	   progenitor	   cells	  might	   be	   targets	   for	   oncogenesis	   by	  Wnt	  
(Brennan	  and	  Brown,	  2004,	  Liu	  et	  al.,	  2005).	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  
	  
Figure	  6.	  Several	  pathways	  leading	  to	  Epithelial-­‐Mesenchymal	  Transition	  (adapted	  from	  Takebe	  et	  al.,	  2011).	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3. CSCS	  AND	  EPITHELIAL-­‐MESENCHYMAL	  TRANSITION	  (EMT)	  	  
Several	  studies	  have	  suggested	  that	  the	  different	  pathways	   involved	   in	  the	  regulation	  of	  
stem	  cells	   self-­‐renewal	   could	  play	   a	   key	   role	  not	  only	   in	   the	   regulation	  of	  CSCs,	   but	   also	   in	   the	  
Epithelial-­‐Mesenchymal	  Transition	  (EMT)	  during	  tumour	  progression	  (Figure	  6)	   (Bao	  et	  al.,	  2011,	  
Takebe	  et	  al.,	  2011),	  raising	  a	  possible	  link	  between	  CSCs	  and	  EMT.	  
In	  fact,	  breast	  CSCs	  are	  increasingly	  thought	  to	  play	  a	  major	  role	  in	  breast	  cancer	  growth	  
and	  formation	  of	  metastasis	  and	  recent	  observations	  imply	  that	  there	  is	  a	  crosstalk	  between	  EMT	  
and	  CSC	  properties	  (Mani	  et	  al.,	  2008,	  Creighton	  et	  al.,	  2010,	  Hayashida	  et	  al.,	  2011,	  Li	  and	  Zhou,	  
2011,	  Pang	  et	  al.,	  2011,	  Takebe	  et	  al.,	  2011).	  	  
EMT	   is	   a	  morphogenetic	   program	   crucial	   for	   epithelial	   plasticity	   during	   embryogenesis,	  
wound	   healing	   and	   tissue	   homeostasis.	   During	   this	   process,	   epithelial	   cells	   are	   converted	   in	  
mesenchymal	  cells	  through	  profound	  disruption	  of	  cell-­‐cell	  junctions	  and	  extensive	  reorganization	  
of	   the	  actin	  cytoskeleton.	  Therefore,	   this	  process	   is	  characterized	  by	   loss	  of	  expression	  of	  many	  
markers	   of	   differentiation,	   acquisition	   of	   fibroblastic-­‐like	   properties,	   reduced	   intercellular	  
adhesion	  and	  increased	  motility	  (Figure	  7)	  (Morel	  et	  al.,	  2008,	  Radisky	  and	  LaBarge,	  2008,	  Kalluri	  
and	  Weinberg,	  2009,	  Lindley	  and	  Briegel,	  2010,	  Brown	  et	  al.,	  2011,	  Li	  and	  Zhou,	  2011).	  	  EMT	  has	  
also	   been	   recognized	   not	   only	   as	   a	   physiological	   mechanism	   for	   development	   and	   tissue	  
remodelling,	  but	  also	  as	  a	  pathological	  mechanism	  in	  the	  progression	  of	  various	  diseases	  including	  
inflammation,	  fibrosis	  and	  cancer	  (Li	  and	  Zhou,	  2011).	  
Cell	  motility	  is	  a	  fundamental	  aspect	  to	  early	  cancer	  metastasis,	  and	  EMT	  can	  result	  in	  the	  
mobilization	  and	  spread	  of	  primary	  tumour	  cells	  to	  distant	   locations	  through	  the	  invasion	  of	  the	  
basement	  membrane	  into	  the	  surrounding	  microenvironment	  (Shipitsin	  et	  al.,	  2007,	  Meyer	  et	  al.,	  
2009,	  Creighton	  et	  al.,	  2010,	  Hayashida	  et	  al.,	  2011,	  Takebe	  et	  al.,	  2011).	  EMT	  is	  also	  linked	  to	  a	  
dedifferentiation	  process,	  during	  which	  epithelial	   cells	  acquire	   stem-­‐like	  properties	   (Mani	  et	  al.,	  
2008,	  Morel	  et	  al.,	  2008,	  Lindley	  and	  Briegel,	  2010,	  Li	  and	  Zhou,	  2011).	  
Several	   studies	  have	   showed	   that	   the	   loss	  of	  E-­‐cadherin	   is	   a	  hallmark	  of	  EMT	   (Figure	  7)	  
(Peinado	   et	   al.,	   2007,	   Kalluri	   and	  Weinberg,	   2009,	   Li	   and	   Zhou,	   2011,	   Takebe	   et	   al.,	   2011).	   E-­‐
cadherin	   is	   a	   cell-­‐cell	   adhesion	   molecule	   that	   participates	   in	   homotypic,	   calcium-­‐dependent	  
interactions	   to	   form	   epithelial	   adherent	   junctions	   (Li	   and	   Zhou,	   2011).	   Loss	   of	   E-­‐cadherin	  
expression	  has	  been	  associated	  with	  undifferentiated	  breast	  carcinomas	  and	  tumour	  progression	  
both	  in	  human	  and	  canine	  mammary	  cancer	  (Knudsen	  and	  Wheelock,	  2005,	  Gama	  et	  al.,	  2008b).	  
β-­‐cat	  is	  also	  an	  essential	  component	  of	  adherent	   junctions,	  since	  it	  provides	  the	  link	  between	  E-­‐
cadherin	   and	   the	   actin	   cytoskeleton,	   modulating	   cell-­‐cell	   adhesion	   and	   cell	   migration.	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Sequestration	  of	  β-­‐cat	  in	  the	  cytoplasm	  is	  important	  for	  the	  preservation	  of	  epithelial	  features	  of	  
cancer	  cells,	  and	  acquisition	  of	  the	  mesenchymal	  phenotype	  correlates	  with	  the	  movement	  of	  β-­‐
cat	  to	  the	  nucleus,	  where	  it	  becomes	  part	  of	  the	  TCF/LEF	  complexes	  (Kalluri	  and	  Weinberg,	  2009).	  
Recently,	   Li	   and	   Zhou	   (2011)	   showed	   that	   activation	   of	   β-­‐cat	   pathway	   is	   required	   for	   the	  
maintenance	  of	  EMT-­‐associated	  stem	  cell-­‐like	  properties	  (Li	  and	  Zhou,	  2011).	  	  
Such	  as	  E-­‐Cadherin,	  N-­‐Cadherin	  is	  a	  transmembrane	  glycoprotein	  that	  promotes	  calcium-­‐
dependent	   cell-­‐cell	   adhesive	   interactions,	   but	   it	   is	   expressed	   in	   neuronal	   tissue,	   muscle	   and	  
fibroblasts.	  A	  growing	  body	  of	  evidence	   shows	   that	  most	  of	  highly	   invasive	   carcinoma	  cell	   lines	  
that	  loose	  E-­‐Cadherin,	  up-­‐regulate	  N-­‐Cadherin	  (Agiostratidou	  et	  al.,	  2007).	  Studies	  of	  Li	  and	  Zhou	  
(2011)	   verified,	   by	   immunofluorescence	   and	   Western	   blotting,	   that	   N-­‐Cadherin	   appears	  
upregulated	   when	   breast	   cancer	   cells	   were	   transfected	   with	   Twist,	   a	   factor	   that	   induces	   the	  
mesenchymal	   phenotype	   (Li	   and	   Zhou,	   2011).	   Interestingly,	   the	   acquisition	   of	   a	   mesenchymal	  
phenotype	   is	  associated	  with	   increased	  vimentin	  expression	   (Peinado	  et	  al.,	   2007,	  Meyer	  et	  al.,	  
2009,	  Li	  and	  Zhou,	  2011,	  Takebe	  et	  al.,	  2011).	  This	  mesenchymal	  marker	  is	  a	  type	  III	  intermediate	  
filament	  protein,	  which	  appears	  upregulated	   in	  migratory	   cells.	  Vimentin	  expression,	   at	   sites	  of	  
cell	  elongation,	  suggests	  its	  putative	  role	  in	  facilitating	  cell	  migration	  (Kokkinos	  et	  al.,	  2007).	  
	  
	  
	  
Figure	   7.	   Epithelial-­‐Mesenchymal	   Transition,	   a	   process	   characterized	   by	   loss	   of	   expression	   of	   markers	   of	   epithelial	  
differentiation,	   acquisition	   of	   fibroblastic-­‐like	   properties,	   reduced	   intercellular	   adhesion	   and	   increased	   motility	  
(adapted	  from	  Kalluri	  and	  Weinberg,	  2009).	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4.	  CANINE	  MAMMARY	  CANCER	  AND	  CSCS	  
Currently,	  there	  are	  a	  small	  number	  of	  studies	  focused	  on	  the	  existence	  of	  CSCs	  in	  canine	  
mammary	   cancer.	   Cocola	   et	   al.	   (2009)	   have	   generated	   non-­‐adherent	   spheres	   from	   normal	   and	  
neoplastic	   mammary	   tissue,	   which	   were	   enriched	   in	   early	   progenitor/stem	   cells	   and	   exhibited	  
tumour-­‐initiating	   potential	   (Cocola	   et	   al.,	   2009).	   Michishita	   et	   al.	   (2010)	   also	   characterized	  
spheres	   derived	   from	   a	   canine	   mammary	   adenocarcinoma	   cell	   line,	   which	   showed	   a	   high	  
expression	  of	   stem-­‐cell	   related	  genes,	   confirming	  sphere	  culture	  system	  as	  a	  useful	   tool	   for	   the	  
identification	  of	  CSCs	  in	  canine	  mammary	  cancer	  (Michishita	  et	  al.,	  2010).	  Another	  group	  showed	  
that	   canine	   CSCs	   predominantly	   express	   mesenchymal	   markers	   and	   are	   more	   invasive	   than	  
parental	   cells.	   Authors	   induced	   EMT	   by	   TGFβ	   treatment	   and	   observed	   that	   these	   cells	   have	   an	  
increased	  ability	   to	   form	  tumourspheres,	   indicating	  that	  EMT	   induction	  can	  enrich	   for	  cells	  with	  
CSC	  properties	  (Pang	  et	  al.,	  2011).	  	  
Interestingly,	   Ferletta	   et	   al.	   (2011)	   sorted	   a	   cell	   population	   with	   the	   ability	   to	   form	  
spheroids,	  which	  were	  characterized	  by	  immunohistochemistry	  for	  several	  markers,	  such	  as	  CD44,	  
CD49f	   (also	   known	   as	   α6-­‐Int),	   CD24,	   Sox2	   and	   Oct4	   (Ferletta	   et	   al.,	   2011).	   Also	   Blacking	   et	   al.	  
(2011)	   verified	   that	   CD44	   expression	   is	   associated	   with	   proliferation	   in	   cultured	   canine	   cancer	  
cells,	   suggesting	   that	   transient	   and	   fluctuating	   expression	  may	   limit	   its	   utility	   as	   a	   CSC	  marker	  
(Blacking	  et	  al.,	  2011)	   in	  canine	  mammary	  cancer.	   It	  was	  also	  showed	  that	  a	  population	  of	  cells	  
with	  high	  ALDH	  activity	  were	  enriched	  in	  a	  CD44+CD24-­‐	  phenotype,	  characterized	  by	  self-­‐renewal	  
capacity	   and	  enhanced	   tumourigenicity	   in	   immunodeficient	  mice,	   concluding	   that	  ALDH	  activity	  
could	   be	   a	   good	   marker	   to	   isolate	   and	   identify	   CSCs	   in	   canine	   mammary	   carcinoma	   cell	   lines	  
(Michishita	  et	  al.,	  2012).	  
Recently,	  Pang	  et	  al.	  (2011)	  showed	  that	  canine	  CSCs	  are	  relatively	  resistant	  to	  cytotoxic	  
effects	   of	   common	   chemotherapeutic	   drugs	   and	   ionizing	   radiation,	   suggesting	   that	   failure	   of	  
clinical	  therapy	  to	  eradicate	  canine	  mammary	  cancer	  may	  be	  due	  to	  the	  survival	  of	  CSCs	  (Pang	  et	  
al.,	  2011).	  Treatment	  options	  are	  still	  rather	  limited	  and	  surgery	  remains	  the	  treatment	  of	  choice	  
for	  the	  majority	  of	  dogs	  with	  mammary	  gland	  tumours	  (Rutteman	  et	  al.,	  2001).	  If	  stem/progenitor	  
cells	  are	  really	  the	  targets	  for	  transforming	  events	  in	  canine	  mammary	  gland,	  as	  seems	  to	  be	  the	  
case	   in	   human	   breast	   cancer	   (Charafe-­‐Jauffret	   et	   al.,	   2008),	   the	   elucidation	   of	   the	   molecular	  
pathways	   regulating	   self-­‐renewal	   activity	   of	   CSCs	   and	   their	   interaction	   with	   the	  
microenvironmental	  niche,	  will	  provide	  potential	  therapeutic	  targets	  for	  this	  disease.	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The	  main	  goal	  of	   this	  work	  was	  to	  characterize	  stem	  cell	  properties	   in	  canine	  mammary	  
cancer.	  With	  this	  purpose,	  we	  defined	  the	  following	  specific	  aims:	  
1. To	   characterise	   the	   phenotype	   and	   function	   of	   canine	   mammary	   carcinoma	   cell	   lines,	  
which	  have	  been	  previously	  established	  by	  our	  group.	  
2. To	   characterize	   the	   stem	   cell-­‐related	   phenotype	   of	   these	   cells,	   by	   analysing	   the	  
expression	  of	  human	  breast	  CSC	  markers	  such	  as	  ALDH1,	  CD44	  and	  CD24.	  
3. To	   investigate	   the	  ability	  of	   these	  cells	   to	  grow	   in	  anchorage	   independent	  conditions	  as	  
spheroids.	  
4. To	   investigate	  a	  possible	   link	  between	  EMT	  and	  CSC	  phenotype/properties,	  by	  analysing	  
the	  expression	  of	  EMT	  markers	  in	  these	  canine	  cell	  lines.	  
5. To	   investigate	   the	   prevalence	   of	   human	   CSC	   markers	   in	   a	   series	   of	   canine	   mammary	  
carcinomas,	   by	   analysing	   ALDH1,	   CD44	   and	   CD24	   expression	   by	   immunohistochemistry	  
and	  correlating	  the	  results	  with	  some	  available	  clinicopathological	  data.	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CANINE	  MAMMARY	  TUMOUR	  CELL	  LINES	  AND	  CELL	  CULTURE	  
Three	  canine	  mammary	  tumour	  cell	  lines	  (CMT-­‐1m,	  CMT-­‐2p	  and	  CMT-­‐3p)	  were	  previously	  
established	  by	  our	  group.	  The	  first	  cell	  line	  is	  derived	  from	  a	  metastatic	  lesion	  (CMT-­‐1m)	  and	  the	  
two	   others	   from	   primary	   carcinomas	   (CMT-­‐2p	   and	   CMT-­‐3p),	   all	   obtained	   from	   canine	   patients	  
bearing	  spontaneous	  mammary	  tumours.	  	  
The	   three	   cell	   lines	   were	   cultured	   in	   RPMI	   1640	   with	   25mM	   Hepes	   and	   L-­‐Glutamine	  
(Lonza,	  Basel,	   Switzerland),	   supplemented	  with	  12%	   fetal-­‐inactivated	  bovine	   serum	   (FBS,	   Lonza)	  
and	  with	   1%	   antibiotic	   solution	   (Penicillin/Streptomycin,	   Invitrogen,	   Carlsbad,	   CA).	   All	   cell	   lines	  
were	  routinely	  cultured	  in	  a	  humidified	  atmosphere	  with	  5%	  CO2	  and	  at	  37oC.	  Cells	  were	  used	  in	  
experiments	  when	  70-­‐80%	  of	  confluence	  was	  reached.	  
 
TISSUE	  SAMPLES,	  CLINICOPATHOLOGICAL	  AND	  FOLLOW-­‐UP	  DATA	  
Canine	   mammary	   tumours	   were	   obtained	   from	   the	   archives	   of	   the	   Histopathology	  
Laboratory	  of	  the	  University	  of	  Trás-­‐os-­‐Montes	  and	  Alto	  Douro,	  Vila	  Real.	  Tumour	  samples	  were	  
surgically	   removed	   from	   112	   female	   dogs	   in	   private	   clinical	   practices	   (the	   majority	   from	   the	  
Northern	  region	  of	  Portugal)	  or	   in	  the	  hospital	  of	  the	  above-­‐mentioned	  institution.	  The	  material	  
had	  been	  fixed	   in	  10%	  neutral	  buffered	  formalin	  and	  embedded	   in	  paraffin	  wax.	  Sections	  (3μm)	  
were	   cut	   and	   stained	   with	   haematoxilin	   and	   eosin	   (HE)	   for	   histological	   examination	   and	  
immunohistochemistry	  stainings.	  
Clinicopathological	   parameters	   collected	   from	   each	   case	   included	   age,	   tumour	   size,	  
tumour	   histological	   type	   and	   grade,	   ulceration,	   lymphovascular	   invasion	   and	   lymph	   node	  
involvement.	   Tumour	   size	   was	   defined	   as	   the	   maximum	   diameter	   and	   tumours	   were	   grouped	  
according	   to	   the	   TNM	  World	   Health	   Organization	   (WHO)	   staging	   of	   canine	  mammary	   tumours	  
(Rutteman	  et	  al.,	  2001)	  in:	  tumours	  with	  less	  than	  3	  cm;	  tumours	  with	  3-­‐5	  cm	  and	  tumours	  larger	  
than	  5	  cm.	  All	  tumour	  samples	  were	  revised	  and	  reclassified	  independently	  by	  two	  observers	  from	  
haematoxylin	  and	  eosin	  (HE)	  stained	  sections,	  according	  to	  the	  WHO	  criteria	  for	  canine	  mammary	  
neoplasms	  (Misdorp	  et	  al.,	  1999).	  Histological	  grade	  was	  evaluated	  according	  to	  the	  Nottingham	  
method	  for	  human	  breast	  tumours	  (Elston	  and	  Ellis,	  1998),	  which	  is	  based	  on	  the	  assessment	  of	  
three	  morphological	  features:	  tubule	  formation,	  nuclear	  pleomorphism	  and	  mitotic	  counts.	  Each	  
of	  these	  features	  was	  scored	  as	  1,	  2	  or	  3	  to	  indicate	  whether	  it	  was	  present	  in	  slight,	  moderate	  or	  
marked	   degree,	   respectively,	   giving	   a	   putative	   total	   of	   3-­‐9	   points.	   Grade	   was	   allocated	   by	   an	  
arbitrary	  division	  of	  the	  total	  points	  as	  follows:	  grade	  I	  (well	  differentiated),	  3,	  4	  or	  5	  points;	  grade	  
II	  (moderately	  differentiated),	  6	  or	  7	  points;	  and	  grade	  III	  (poorly	  differentiated),	  8	  or	  9	  points.	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Follow-­‐up	   information	   was	   available	   for	   ninety-­‐five	   tumour	   cases,	   ranging	   from	   a	  
minimum	  of	  one	  to	  a	  maximum	  of	  24	  months	  after	  the	  diagnosis,	  with	  a	  median	  overall	  survival	  
time	   of	   20	   months.	   The	   remaining	   cases	   were	   excluded	   from	   follow-­‐up	   due	   to	   a	   number	   of	  
reasons:	   dogs	   died	   immediately	   after	   surgery,	   others	   failed	   clinical	   examinations	   and	   some	  
ancient	  cases	  just	  did	  not	  have	  medical	  records	  anymore.	  Overall	  survival	  (OS)	  was	  defined	  as	  the	  
period	   between	   surgery	   and	   animal	   natural	   death	   or	   euthanasia	   due	   to	   cancer.	   Disease-­‐free	  
survival	   (DFS)	   was	   defined	   as	   the	   period	   of	   time	   between	   surgery	   and	   recurrent	   or	  metastatic	  
disease.	  
	  
WESTERN	  BLOT	   	  
Cells	  were	   lysed	  with	  PBS	  containing	  1%	  Nonidet-­‐P40	  (Sigma,	  Germany),	  1%	  Triton	  X100	  
(Sigma,	   Germany)	   and	   1:7	   Protease	   Inhibitors	   Cocktail	   (Roche	   Diagnostics	   Gmbh,	   Mannheim,	  
Germany).	  Protein	  concentration	  was	  determined	  by	  Bio-­‐Rad	  protein	  assay	   (Bio-­‐Rad,	  Richmond,	  
CA)	  and	  equal	  amounts	  were	  resolved	  on	  an	  8%	  denaturating	  polyacrylamide	  gel	  and	  transferred	  
onto	   a	   nitrocellulose	   membrane	   (GE	   Healthcare	   Life	   Sciences,	   UK)	   at	   100V	   for	   90min.	   After	  
blocking	   nonspecific	   binding	   with	   5%	   nonfat	   dry	   milk	   in	   PBS	   containing	   0.5%	   Tween	   20,	   each	  
membrane	  was	   incubated	  at	   room	  temperature	  with	  each	  of	   the	  antibodies	  showed	   in	  Table	  1,	  
with	  α-­‐tubulin	  or	  β-­‐actin	  antibodies	  used	  as	   loading	  controls.	  After	  washing	   four	   times	  with	  5%	  
milk	   buffer	   for	   5	  minutes,	  membranes	   were	   incubated	  with	   the	   secondary	   antibodies	   (1:2000,	  
Santa	  Cruz	  Biotechnology	   Inc.,	  Heidelberg,	  Germany)	   for	  45	  minutes	  and	  washed	  six	   times	   for	  5	  
minutes	   with	   PBS	   containing	   0.5%	   Tween	   20.	   Detection	   was	   assessed	   using	   the	   ECL	  
chemiluminescence	  detection	  kit	  (Amersham	  Pharmacia	  Biotech,	  Piscataway,	  NJ).	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Table	  1	  –	  Antibodies	  and	  conditions	  used	  for	  Western	  Blot.	  
 
Antibody	   Clone	   Manufacturer	   Blocking	  buffer	  
Primary	  antibody	   Secondary	  
antibody	  Dilution	   Incubation	  
α-­‐tub	   DM1A	   Sigma,	  Germany	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Mouse	  
β-­‐	  act	   I19	   Santa	  Cruz,	  USA	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Goat	  
PgR	   SP2	   Novocastra,	  UK	   Milk	  buffer	  5%	   1:50	   1	  hour	   Mouse	  
ER	  	   6F11	   Novocastra,	  UK	   Milk	  buffer	  5%	   1:50	   1	  hour	   Mouse	  
p63	   4A4	   NeoMarkers,	  USA	   Milk	  buffer	  5%	   1:200	   1	  hour	   Human	  
E-­‐Cad	   24E10	   Cell	  Signaling,	  USA	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Rabbit	  
P-­‐Cad	   56	   BD	  Transduction,	  USA	   Milk	  buffer	  5%	   1:500	   1	  hour	   Mouse	  
β-­‐cat	   14	   BD	  Transduction,	  USA	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Mouse	  
CD44v6	   VFF-­‐7	   Abcam,	  UK	   Milk	  buffer	  5%	   1:500	   1	  hour	   Mouse	  
CD44s	   IM7	   Santa	  Cruz,	  USA	   Milk	  buffer	  5%	   1:250	   1	  hour	   Rat	  
ALDH1	   EP1933Y	   Abcam,	  USA	   Milk	  buffer	  5%	   1:1000	   Overnight	   Rabbit	  
β4-­‐Int	   SC9090	   Santa	  Cruz,	  USA	   Milk	  buffer	  5%	   1:2000	   1	  hour	   Rabbit	  
α6-­‐Int	   4C1	   Sigma,	  Germany	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Rabbit	  
Fib	   2755-­‐8	   Santa	  Cruz,	  USA	   Milk	  buffer	  5%	   1:1000	   1	  hour	   Mouse	  
N-­‐Cad	   32	   BD	  Transduction,	  USA	   Milk	  buffer	  5%	   1:500	   1	  hour	   Mouse	  
Vim	   V9	   DAKO,	  USA	   Milk	  buffer	  5%	   1:1500	   1	  hour	   Mouse	  
	  
	  
IMMUNOFLUORESCENCE	  
Cells	  were	   cultured	  on	  glass	   coverslips,	   and	   fixed	  with	  4%	  paraformaldehyde	   (during	  20	  
minutes).	  After	   fixation,	  cells	  were	   treated	  with	  50mM	  NH4Cl	   for	  10	  minutes,	  washed	  with	  PBS,	  
and	   permeablilized	   with	   0.1%	   Triton	   X-­‐100	   in	   PBS	   for	   5	   minutes,	   at	   room	   temperature.	   Non-­‐
specific	  binding	  was	  blocked	  with	  PBS	  containing	  5%	  BSA,	  for	  30	  minutes,	  at	  room	  temperature.	  
Cells	  were	  then	  stained	  with	  a	  specific	  primary	  antibody.	  The	  antibodies	  and	  conditions	  used	  are	  
listed	   in	   Table	   2.	   In	   the	   majority	   of	   cases,	   primary	   antibody	   detection	   was	   performed	   using	   a	  
secondary	  antibody,	  at	  a	  1:1000	  dilution.	  After	  washing	  with	  PBS,	  each	  sample	  was	  mounted	  with	  
Vectashield	  Mounting	  Medium	  with	  4,6-­‐diamidine-­‐2-­‐phenylindolendihydrochrolide	  (DAPI)	  (Vector	  
Laboratories,	  California,	  USA).	  The	  staining	  was	  observed	  with	  a	  Zeiss	  microscope	  (Imager	  Z1),	  and	  
images	  were	  acquired	  using	  the	  Axiovision	  software.	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Table	  2	  –	  Antibodies	  and	  conditions	  used	  for	  Immunofluorescence.	  
 
Antibody	   Clone	   Manufacturer	  
Primary	  antibody	   Secondary	  
antibody	  Dilution	   Incubation	  
CD44s	   IM7	   Santa	  Cruz,	  USA	   1:50	   Overnight	   Rat	  
CD44v6	   VFF-­‐7	   Abcam,	  USA	   1:50	   Overnight	   Mouse	  
CD24	   M1/69	   BD	  Biosciences,	  USA	   1:10	   Overnight	   -­‐	  (PE)	  
ALDH1	   EP1933
Y	  
Abcam,	  UK	   1:500	   Overnight	   Rabbit	  
α6-­‐Int	   GoH3	   BD	  transduction,	  	  USA	   1:10	   1:30h	   -­‐	  (FITC)	  
β4-­‐Int	   439-­‐9B	   BD	  transduction,	  USA	   1:10	   1:30h	   -­‐	  (PE)	  
P-­‐Cad	   C13F9	   Cell	  Signalling,	  USA	   1:50	   Overnight	   Rabbit	  
E-­‐Cad	   24E10	   Cell	  Signalling,	  USA	   1:100	   Overnight	   Rabbit	  
β-­‐cat	   14	   BD	  transduction,	  USA	   1:100	   Overnight	   Mouse	  
	  
SLOW	  AGGREGATION	  ASSAY	  
This	  assay	  was	  used	  to	  evaluate	  cell-­‐cell	  adhesion	  capacity.	  For	  slow	  aggregation	  assay	  in	  
semi-­‐solid	  substratum,	  2x104	  cells	  of	  each	  cell	  line	  were	  seeded	  per	  well	  on	  a	  solidified	  agar	  in	  a	  
96	   well	   plate.	   Semi-­‐solid	   medium	   was	   prepared	   with	   Bacto-­‐agar	   in	   PBS.	   After	   boiling,	   it	   was	  
poured	   immediately	   into	   the	   plates,	   in	   order	   to	   cover	  wells	  with	   an	   agar	   layer	   to	   prevent	   cell-­‐
substratum	  adhesion.	  After	  trypsinization	  and	  cell	  counting,	  cells	  were	  seeded	  (six	  wells	  per	  cell	  
line).	   and	   plates	   were	   incubated	   at	   37oC	   in	   a	   humified	   atmosphere	   with	   5%	   CO2	   in	   air.	   The	  
aggregate	  formation	  was	  evaluated	  with	  an	  inverted	  microscope	  after	  24,	  48,	  and	  72	  hours.	  The	  
MCF7.PCad	   and	   MDA-­‐MB-­‐231	   cell	   lines	   were	   included	   as	   positive	   and	   negative	   controls,	  
respectively.	  	  
	  
BROMODEOXYURIDINE	  (BrdU)	  INCORPORATION	  PROLIFERATION	  ASSAY	  	  
In	  BrdU	  procedure,	  cells	  were	  cultured	  on	  glass	  coverslips	   to	  a	  confluence	  of	  50%.	  After	  
24h,	  10µL	  of	  BrdU/mL	  was	  added	  to	  each	  well	  for	  1h.	  The	  medium	  containing	  BrdU	  was	  rejected	  
and	  after	  two	  washing	  steps	  with	  sterile	  PBS,	  cells	  were	  fixed	  with	  4%	  paraformaldehyde	  in	  PBS	  
for	   30min.	   Cells	  were	   then	   treated	  with	   2M	  HCl	   for	   20	  minutes	   and	  washed	  with	   PBS	   at	   room	  
temperature.	   Non-­‐specific	   binding	   was	   blocked	   washing	   two	   times	   with	   PBS-­‐Tween20	   0.5%	  
containing	   0.05%	   BSA,	   for	   10	  minutes,	   at	   room	   temperature.	   Subsequently,	   cells	   were	   stained	  
with	  a	  specific	  primary	  antibody	  anti-­‐BrdU	  (Clone	  Bu20a,	  mouse,	  DAKO,	  USA)	  at	  a	  dilution	  of	  1:10	  
in	   PBS-­‐Tween20	  0.5%-­‐BSA	  0.05%	   for	   1	   hour	   at	   room	   temperature.	   Following	   additional	  washes	  
with	  PBS-­‐Tween20	  0.5%-­‐BSA	  0.05%,	  the	  detection	  of	  the	  primary	  antibody	  was	  performed	  using	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the	  secondary	  antibody,	  Alexa	  Fluor	  488	  (Invitrogen,	  Carlsbad,	  CA)	  at	  a	  dilution	  of	  1:500	   in	  PBS-­‐
Tween20	  0.5%-­‐BSA	  0.05%	  at	  a	  room	  temperature	  for	  30min,	  in	  the	  dark.	  After	  washing	  with	  PBS-­‐
Tween20	  0.5%-­‐BSA	  0.05%,	  each	   sample	  was	  mounted	  with	  Vectashield	  Mounting	  Medium	  with	  
4,6-­‐diamidine-­‐2-­‐phenylindolendihydrochrolide	   (DAPI)	   (Vector	   Laboratories,	   California,	   USA).	   The	  
staining	  was	  observed	  with	  a	  Zeiss	  microscope	  (Imager	  Z1),	  and	  images	  were	  acquired	  using	  the	  
Axiovision	  software.	  
	  
TERMINAL	  DEOXYNUCLEOTIDYL	   TRANSFERASE	  dUTP	  NICK	   END	   LABELING	   (TUNEL)	  CELL	   DEATH	  
ASSAY	  
Cells	  were	  grown	  in	  a	  serum	  starved	  medium	  that	  was	  used	  as	  an	  apoptotic	  stimulus;	  the	  
attached	  and	  floating	  cells	  were	  pooled,	  pelleted	  by	  centrifugation,	  washed	  in	  PBS,	  and	  fixed	  with	  
4%	  formaldehyde	  for	  30	  minutes.	  Cytospins	  preparations	  were	  used	  for	  TUNEL	  assay,	  which	  was	  
carried	  out	  according	  to	  manufacturer's	  recommendations	  (TUNEL	  kit,	  Roche	  Diagnostics	  Gmbh,	  
Mannheim,	   Germany).	   Approximately	   500	   apoptotic	   and	   non-­‐apoptotic	   cells	   were	   counted	   per	  
slide.	  Death	  index	  was	  calculated	  as	  the	  percentage	  of	  death	  cells	  over	  the	  total	  counted	  cells.	  
	  
MATRIGEL	  INVASION	  ASSAY	  
Matrigel	   invasion	   assay	   was	   performed	   using	   8µm	   pore	   size	   BD	   BioCoat™	   Matrigel	  
Invasion	   Chambers	   (BD	  Biosiences,	  NJ,	  USA).	   In	   the	   upper	   compartment	   of	   the	   chamber,	   5x104	  
cells	   of	   each	   cell	   line	   were	   added,	   whereas	   in	   the	   lower	   compartment,	   only	   fresh	   medium	  
supplemented	  with	  12%	  FBS	  was	  present.	  After	  24h	  of	   incubation	  at	  37°C,	   the	  upper	  surface	  of	  
the	   filter	   was	   cleared	   from	   non-­‐invasive	   cells	   with	   a	   cotton	   swab	   and	   washed	   with	   PBS.	   The	  
remaining	  (invasive)	  cells,	  which	  were	  attached	  to	  the	  lower	  surface	  of	  the	  filter,	  were	  fixed	  with	  
cold	   methanol	   and	   mounted	   with	   Vectashield	   (Vector	   Laboratories,	   Inc,	   Burlingame,	   CA)	  
containing	  DAPI.	  Invasive	  cells	  were	  scored	  by	  counting	  the	  cells	  in	  the	  filter	  with	  a	  fluorescence	  
microscope	   (Leica	  DM	  2000),	   at	   200X	  of	  magnification.	   The	   invasive	  MDA-­‐MB-­‐231	   cell	   line	  was	  
routinely	  included	  as	  a	  positive	  control	  and	  MCF7	  cell	  line	  as	  a	  negative	  control.	  	  
 
GELATIN	  AND	  β-­‐CASEIN	  ZYMOGRAPHY	  
The	  conditioned	  medium	  collected	  from	  the	  several	  cell	  cultures,	  which	  were	  grown	  in	  6-­‐
well	  plates	  coated	  with	  collagen	  type	  I,	  was	  analysed	  for	  proteinases	  activity	  using	  gelatin	  and	  β-­‐
casein	   zymography.	   Gelatin	   and	   β-­‐casein	   gels	   were	   loaded	   with	   12	   μg	   of	   protein	   per	   sample.	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Samples	  were	  mixed	  with	  sample	  buffer	   [0.03%	  bromophenol	  blue,	  0.25M	  Tris-­‐HCl	  pH	  6.8,	  10%	  
SDS	   (w/v)	   and	   4%	   sucrose	   (w/v)]	   and	   electrophoresed,	   under	   non-­‐reducing	   conditions,	   on	   10%	  
polyacrilamide	  gels	  containing	  0.1%	  (w/v)	  gelatin	  or	  β-­‐casein	  from	  bovine	  milk	  (Sigma,	  Germany).	  
After	  electrophoresis,	   gels	  were	  washed	   twice,	   for	  30	  minutes,	   in	  2%	   (v/v)	  Triton	  X-­‐100	   (Sigma,	  
Germany)	   at	   room	   temperature,	   in	   order	   to	   remove	   SDS.	   Then,	   they	   were	   incubated	   in	   a	  
Substrate	  Reaction	  Buffer	  for	  20h	  in	  case	  of	  the	  gelatin	  gels	  [50	  mM	  Tris-­‐HCl,	  5	  mM	  CaCl2,	  pH	  7.5]	  
or	  72h	  for	  β-­‐casein	  gels	  [0.2M	  NaCl,	  5	  mM	  CaCl2,	  1%	  (v/v)	  Triton	  X-­‐100	  in	  50mM	  Tris-­‐HCl,	  pH	  7.4],	  
and	  finally	  stained	  with	  Coomassie	  Blue	  Staining	  Solution	  [0.1%	  (w/v)	  Coomassie	  Blue	  R250	  in	  10%	  
(v/v)	  acetic	  acid	  and	  40%	  (v/v)	  methanol],	  for	  25	  minutes.	  The	  gels	  destaining	  was	  performed	  in	  a	  
solution	  with	  20%	  methanol	  and	  10%	  acetic	  acid,	  until	  bands	  start	   to	  become	  visible.	  Enzymatic	  
activity	  was	   visualized	   as	   a	   clear	   band	   against	   the	   blue	   background	   of	   stained	   gels,	   and	  MMPs	  
were	   identified	  by	   their	  molecular	  weight.	  Quantification	  of	  band	  density	  was	   carried	  out	  using	  
the	  Quantity	  One	  software	  (version	  4.0,	  BioRad,	  Hercules,	  CA).	  	  
	  
FLOW	  CYTOMETRY	  
Cells	  were	  washed	  twice	  with	  sterile	  PBS	  and	  then	  harvested	  with	  versene/0.48mM	  EDTA	  
(Invitrogen,	   Carlsbad,	   CA).	   Detached	   cells	   were	  washed	  with	   PBS	   supplemented	  with	   0.5%	   FBS	  
(stain	   buffer),	   centrifuged	   1200	   rpm	   for	   5	  min	   at	   room	   temperature	   and	   re-­‐suspended	   in	   stain	  
buffer.	   This	   solution	  was	  passed	   through	  a	  25G	  needle,	  using	  a	   syringe,	   to	   separate	   cells	   into	  a	  
single	   cell	   suspension.	   Then,	   cells	   were	   incubated	  with	   phycoerytrin	   (PE)-­‐conjugated	   anti-­‐CD24	  
(clone	  M1/69,	   BD	  Biosciences,	   San	  Diego)	   and	   anti-­‐CD44	   (clone	   IM7,	   Santa	   Cruz,	  USA).	   Primary	  
antibodies	   were	   added	   to	   the	   cell	   suspension	   and	   incubated	   at	   4°C	   in	   the	   dark	   for	   30	   min.	   A	  
secondary	   antibody	   conjugated	  with	   fluorochrome	  Alexa	   488	  was	   incubated	   afterwards,	   at	   the	  
same	   conditions	   used	   for	   primary	   antibodies.	   A	   cell	   viability	   marker	   was	   included	   (violet	  
fluorescent	   reactive	   dye,	   Invitrogen,	   Carlsbad,	   CA),	   in	   order	   to	   remove	   dead	   cells.	   The	   labelled	  
cells	  were	  washed	  in	  the	  stain	  buffer	  and	  then	  analysed	  on	  a	  FACS	  Canto	  II	   (BD	  Biosciences).	  All	  
antibodies	  were	  used	  at	  a	  concentration	  of	  1:100	  in	  stain	  buffer.	  
	  
ALDEFLUOR	  ASSAY	  
The	   ALDEFLUOR	   kit	   (Stem	   Cell	   Technologies,	   Grenoble,	   France)	  was	   used	   to	   isolate	   the	  
population	  with	  high	  ALDH	  enzymatic	  activity,	  using	  a	  FACS	  Canto	  II	  (BD	  Biosciences),	  according	  to	  
the	  manufacturer	  instructions.	  Briefly,	  cells	  were	  incubated	  in	  ALDEFLUOR	  assay	  buffer	  containing	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ALDH	   substrate,	   Bodipy®-­‐aminoacetaldehyde	   (BAAA)	   (1	   μmol/L	   per	   1	   x	   106	   cells).	   In	   each	  
experiment,	   a	   sample	   of	   cells	   was	   stained,	   under	   identical	   conditions,	   with	   50	   mmol/L	   of	  
diethylaminobenzaldehyde	  (DEAB),	  a	  specific	  ALDH	  inhibitor,	  as	  a	  negative	  control.	  A	  cell	  viability	  
marker	  was	  included	  (violet	  fluorescent	  reactive	  dye,	  Invitrogen,	  Carlsbad,	  CA),	  in	  order	  to	  remove	  
dead	   cells.	   Cells	  were	  washed	   in	   assay	  buffer	   and	   left	   at	   4oC,	   until	  measurements	   and	  analyses	  
had	  been	  performed.	  	  
	  
MAMMOSPHERE	  ASSAY	  
Cell	  lines	  were	  trypsinized,	  neutralized	  with	  complete	  medium,	  centrifuged	  1200	  rpm	  for	  
5	  min	  at	  room	  temperature	  and	  re-­‐suspended	  in	  cold	  PBS.	  This	  solution	  was	  passed	  three	  times	  
through	  a	  25-­‐G	  needle,	  using	  a	  syringe,	  to	  separate	  cells	  into	  a	  single	  cell	  suspension.	  Cells	  were	  
plated	   at	   500	   cells/cm2	   in	   low	   attachment	   plates,	   containing	   mammosphere	   culture	   medium	  
[DMEM:F12	  medium,	   without	   phenol	   red,	   and	   supplemented	   with	   B27	   (which	   is	   a	   serum	   that	  
excludes	   constituents	   that	   lead	   to	   cell	   differentiation,	   Invitrogen,	   Carlsbad,	   CA;	   diluted	   1:50)],	  
hydrocortisone	   500	   ng/ml	   (Sigma,	   Germany),	   insulin	   40	   mg/ml	   (Sigma,	   Germany)	   and	  
recombinant	  human	  EGF	  20	  ng/ml	  (Sigma,	  Germany).	  
Mammospheres	  of	  at	  least	  50	  μm	  in	  diameter	  (determined	  by	  using	  an	  eyepiece	  graticule	  
with	  crossed	  scales)	  were	  counted	  on	  day	  6	  after	  plating.	  Mammosphere	  forming	  efficiency	  (MFE)	  
was	   calculated	   by	   dividing	   the	   number	   of	   mammospheres	   (≥50	   μm)	   formed	   by	   the	   original	  
number	  of	  single	  cells	  seeded,	  being	  expressed	  as	  a	  percentage.	  
 
IMMUNOHISTOCHEMISTRY	  
This	   technique	   was	   used	   to	   investigate	   the	   expression	   and	   subcellular	   localization	   of	  
human	   breast	   CSC	   markers	   (CD44,	   CD24	   and	   ALDH1)	   in	   a	   series	   of	   112	   canine	   mammary	  
carcinomas.	  The	  antigen	  retrieval	  conditions,	  antibodies,	  dilutions	  and	  suppliers	  are	  listed	  in	  Table	  
3.	   Antigen	   retrieval	   was	   performed	   in	   a	   10	   mM	   citrate	   buffer,	   pH=6.0	   (3	   x	   5	   min)	   in	   a	   750W	  
microwave.	  After	  cooling	  20	  minutes	  at	  room	  temperature,	  tissue	  sections	  were	  immersed	  in	  3%	  
hydrogen	   peroxide	   (H2O2)	   (Panreac,	   Spain)	   and	   distilled	   water	   during	   30	   minutes	   to	   block	  
endogenous	  peroxidase	  activity.	  Non-­‐specific	  staining	  was	  eliminated	  by	  incubation	  in	  a	  blocking	  
serum	   (Ultra	  V	  Block,	   LabVision,	  USA)	   for	  5	  minutes.	   Excess	   serum	  was	   removed	  and	   the	   slides	  
were	   incubated	   in	   a	   humid	   chamber	   with	   the	   respective	   primary	   antibodies.	   Primary	   antibody	  
incubation	  was	  performed	  for	  1	  hour	  at	  room	  temperature	  or	  overnight	  at	  4oC.	  After	  incubation,	  
 
Material	  and	  Methods	  
 
 
 
29	  
the	   slides	   were	   washed	   and	   incubated	   with	   secondary	   antibody	   associated	   with	   HRP-­‐labelled	  
(horseradish	  peroxidase)	  polymer	   for	  30	  minutes	   (for	  CD44)	  or	   incubated	  with	  biotinylated	  goat	  
anti-­‐polyvalent	  (Labvision,	  USA),	  followed	  by	  streptavidin-­‐conjugated	  peroxidase	  (Labvision,	  USA)	  
during	  10	  minutes	  (for	  CD24	  and	  ALDH1).	  Sections	  were	  rinsed	  thoroughly	  with	  PBS	  between	  each	  
step	   of	   the	   procedure.	   Subsequently,	   the	   staining	   was	   developed	   with	   3,3-­‐diaminobenzidine	  
tetrahydrochloride	   (DAB)	  chromogen	  with	  H2O2	   in	  PBS	  buffer	   for	  10	  minutes.	  Tissues	  were	  then	  
counterstained	   with	   Gill’s	   haematoxylin,	   dehydrated	   and	   cover-­‐slipped	   using	   a	   permanent	  
mounting	  solution	  (Entellan,	  Merck).	  Paraffin	  sections	  of	  liver	  (for	  ALDH1)	  and	  normal	  mammary	  
tissue	   (for	  CD24	  and	  CD44)	  were	   included	  as	  positive	   controls,	   as	  well	   as	   to	  ensure	  consistency	  
between	  consecutive	  runs.	  Negative	  controls	  were	  carried	  out	  by	  replacing	  the	  primary	  antibody	  
with	  PBS.	  
 
Table	  3	  –	  Antibodies	  and	  conditions	  used	  for	  Immunohistochemistry.	  
 
Antibody	   Clone	   Manufacturer	  
Antigen	  
retrieval	  
Primary	  antibody	  
Detection	  system	  
Dilution	   Incubation	  
CD44	   IM7	   Santa	  Cruz,	  USA	   Citrate	  buffer	   1:400	   Overnight	  
Streptavidin-­‐biotin-­‐
peroxidase	  
CD24	   Ab2-­‐SN3b	   Neomarkers,	  USA	  
Citrate	  
buffer	   1:100	   Overnight	   HRP-­‐labelled	  polymer	  
ALDH1	   EP1933Y	   Abcam,	  UK	   Citrate	  buffer	   1:100	   Overnight	   HRP-­‐labelled	  polymer	  
	  
Two	   pathologists	   performed	   the	   evaluation	   of	   the	   immunohistochemical	   results.	   The	  
expression	  of	   all	   proteins	  were	  evaluated	  as	  described	   for	  human	  breast	   cancer	   (Ricardo	  et	   al.,	  
2011).	  Briefly,	  CD44	  and	  CD24	  staining	  were	  detected	  at	  the	  membrane	  of	  tumour	  cells	  and	  the	  
scoring	  was	  considered	  as	  follows:	  0,	  <10%	  of	  positive	  tumour	  cells;	  1+,	  10-­‐25%	  of	  positive	  tumour	  
cells;	  2+,	  25-­‐50%	  of	  positive	  tumour	  cells;	  3+,	  more	  than	  50%	  of	  positive	  tumour	  cells.	  Cytoplasmic	  
staining	  was	  also	  considered	  for	  CD24.	  For	  CD44,	  cases	  classified	  as	  0	  were	  considered	  negative,	  
whereas	  1+,	  2+	  and	  3+	  were	  established	  as	  positive	  cases.	  For	  CD24,	  the	  cases	  were	  divided	  into	  
negative/low	  (-­‐/low),	  when	  considered	  0	  or	  1+,	  or	   in	  positive	  cases,	  when	  classified	  as	  2+	  or	  3+.	  
Immunohistochemical	  staining	  of	  ALDH1	  was	  classified	  as	  positive	  when	  more	  than	  1%	  of	  tumour	  
cells	  showed	  clear	  cytoplasmic	  staining,	  as	  previously	  described	  (Ginestier	  et	  al.,	  2007,	  Deng	  et	  al.,	  
2010,	   Ricardo	   et	   al.,	   2011).	   Stromal	   expression	   of	   ALDH1	  was	   also	   classified	   in	   two	   categories:	  
none/weak,	  or	  moderate/strong,	  as	  previously	  described	  by	  Resetkova	  et	  al.	  (2010)	  (Resetkova	  et	  
al.,	  2010).	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The	  series	  had	  previously	  been	  partially	  studied	  by	  immunohistochemistry	  with	  respect	  to	  
Ki-­‐67	   index	   (MIB-­‐1	   clone,	   1:50,	   Dakocytomation),	   which	   was	   calculated	   as	   the	   percentage	   of	  
tumour	  cells	  that	  exhibited	  positive	  nuclear	  staining	  for	  Ki-­‐67.	  
	  
STATISTICAL	  ANALYSIS	  
Mammospheres	   forming	   ability	   (size	   and	   number)	   was	   compared	   using	   two-­‐tailed	  
unpaired	   t-­‐test.	   Flow	  cytometry	  data	  was	  analysed	  with	   the	  Flowjo	  software	  package	   (TreeStar,	  
Ashland,	  OR,	  USA).	  
Associations	  between	  CSC	  markers	  expression	  and	  categorical	  variables	  were	  performed	  
by	  using	  the	  chi-­‐square	  test	  or	  Fisher’s	  exact	  test	  (two-­‐sided).	  Associations	  between	  CSC	  markers	  
expression	   and	   Ki-­‐67	   index	   (continuous	   variable)	   were	   assessed	   by	   the	   non-­‐parametric	   Mann-­‐
Whitney	  test.	  In	  order	  to	  determine	  the	  effect	  of	  CSC	  markers	  on	  prognosis,	  survival	  curves	  were	  
generated	  by	  the	  Kaplan-­‐Meier	  method	  and	  the	  survival	  rates	  compared	  using	  the	  log-­‐rank	  test.	  
These	  statistical	  analyses	  were	  performed	  using	  SPSS	  software	  (Statistical	  Package	  for	  the	  Social	  
Sciences,	  Chicago,	  USA),	  11.5	  version.	  A	  p	  value<0.05	  was	  considered	  statistically	  significant.	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1.	  CHARACTERISATION	  OF	  THE	  PHENOTYPE	  AND	  FUNCTION	  OF	  THE	  CANINE	  MAMMARY	  TUMOUR	  
CELL	  LINES	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	  
In	  order	  to	  better	  interpret	  the	  results	  related	  with	  cancer	  stem-­‐like	  properties	  observed	  
with	   the	   three	   canine	   mammary	   tumour	   cell	   lines	   CMT-­‐1m,	   CMT-­‐2p	   and	   CMT-­‐3p	   used	   in	   this	  
study	  (and	  previously	  established	  by	  our	  group),	  we	  first	  decided	  to	  characterise	  them	  concerning	  
the	  expression	  of	  some	  molecular	  markers	  and	  functional	  activities.	  
The	  selected	  markers	  for	  analysis	  were	  breast	  cancer-­‐related	  receptors,	  such	  as	  ER,	  PgR,	  
and	  HER2,	  as	  well	  as	  the	  myoepithelial	  marker	  p63,	  the	  mesenchymal	  marker	  vimentin,	  and	  the	  
adhesion	  molecules	  E-­‐cadherin	  (E-­‐Cad)	  and	  P-­‐cadherin	  (P-­‐Cad).	  The	  expression	  of	  these	  markers	  
was	   assessed	  by	  western	  blot	   analysis.	   Interestingly,	   differential	   protein	   banding	  patterns	  were	  
observed	  in	  the	  three	  cell	  lines	  when	  stained	  with	  Ponceau,	  indicating	  clear	  differences	  between	  
the	  three	  distinct	  cell	  lines.	  	  
As	  shown	  in	  Figure	  8A,	  a	  positive	  expression	  for	  ER	  was	  found	  in	  all	  the	  cell	  lines,	  although	  
with	   lower	   levels	   in	   CMT-­‐3p.	   The	   positive	   expression	   of	   E-­‐Cad	  was	   similar	   amongst	   all	   the	   cell	  
lines.	  The	  other	  markers,	  such	  as	  PgR,	  HER2,	  p63,	  vimentin,	  and	  P-­‐Cad	  were	  not	  detected	  in	  any	  of	  
the	  three	  cell	  lines.	  
The	  cellular	   localization	  of	  cadherins	  was	  also	  evaluated	  by	   immunofluorescence	   (Figure	  
8B),	  and	  we	  could	  confirm	  the	  result	  obtained	  by	  western	  blot:	  P-­‐Cad	  was	  absent	  in	  all	  the	  three	  
cell	   lines,	  whereas	  E-­‐Cad	  expression	  was	  found	  in	  all	  cell	   lines;	  however,	  while	  E-­‐Cad	  was	  mainly	  
normally	   localized	   at	   the	   membrane	   cell-­‐cell	   contacts	   in	   CMT-­‐1m	   and	   CMT-­‐3p	   cells,	   it	   was	  
abnormally	  localized	  in	  CMT-­‐2p,	  showing	  a	  cytoplasmatic	  expression.	  
To	   evaluate	   the	   functionality	   of	   the	   adherens	   junctions	   in	   the	   ability	   to	   form	   cell-­‐cell	  
aggregates,	  we	  performed	  a	  classic	  cell-­‐cell	  aggregation	  assay.	  After	  24	  hours,	  CMT-­‐1m	  and	  CMT-­‐
3p	  showed	  prominent	  aggregates,	  as	   can	  be	  seen	   in	  Figure	  9;	  however,	   these	   showed	  different	  
patterns,	   since	   CMT-­‐1m	   formed	   compact	   aggregates	   and	   CMT-­‐3p	   formed	   irregular	   aggregates,	  
with	  high	  levels	  of	  proliferation.	  CMT-­‐2p	  cells	  did	  not	  aggregate,	  being	  very	  similar	  to	  the	  negative	  
control,	  even	  after	  72	  hours.	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Figure	  8.	  (A)	  Western	  blot	  showing	  expression	  of	  the	  molecular	  markers	  ER	  and	  E-­‐Cad	  in	  CMT-­‐1m,	  CMT-­‐2p	  and	  CMT-­‐3p	  
cell	   lines.	   ER	   and	   E-­‐Cad	   were	   detected	   in	   all	   three	   cell	   lines,	   although	   ER	   expression	   was	   lower	   in	   CMT-­‐3p.	   (B)	  
Immunofluorescence	   to	  evaluate	   the	   cellular	   localization	  of	   the	  adhesion	  molecules	  E-­‐Cad	  and	  P-­‐Cad.	  P-­‐Cad	  was	  not	  
detected	   in	   none	   of	   the	   three	   cell	   lines;	   E-­‐Cad	  was	   located	   at	   the	   cell	  membrane	   in	   CMT-­‐1m	   and	   CMT-­‐3p	   cells	   and	  
abnormally	  expressed	  in	  CMT-­‐2p,	  showing	  a	  cytoplasmic	  expression.	  Human	  breast	  cancer	  cell	   lines,	  MCF7	  and	  SKBr3	  
(not	  shown),	  were	  used	  as	  positive	  and	  negative	  controls,	  respectively.	  Scale	  bar=10μm	  
 
 
 
	  
Figure	  9.	  Cell	  aggregation	  performed	  by	  the	  slow	  cell	  aggregation	  assay	  protocol,	  where	  the	  human	  breast	  cancer	  cell	  
lines	   MCF7.PCad	   and	   MDA-­‐MB-­‐231	   were	   used	   as	   positive	   and	   negative	   controls,	   respectively.	   These	   images	   show	  
aggregates	   formed	   after	   24h.	   CMT-­‐1m	   showed	   compact	   aggregates,	   CMT-­‐2p	   was	   similar	   to	   the	   negative	   control,	  
showing	  no	  aggregation,	  and	  CMT-­‐3p	  cells	  showed	  aggregation	  without	  compaction.	  Original	  magnification:	  40x.	  
	  
 
The	  proliferation	  and	  cell	  death	  rates	  of	  the	  three	  cell	  lines	  were	  also	  evaluated.	  CMT-­‐3p	  
cells	  are	  more	  proliferative,	  but	  also	  the	  ones	  with	  higher	  levels	  of	  cell	  death,	  as	  seen	  in	  Figure	  10.	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Figure	  10.	  Graphical	  representations	  of	  the	  percentage	  of	  (A)	  proliferative	  cells	  and	  (B)	  percentage	  of	  cell	  death	  in	  CMT-­‐
1m,	  CMT-­‐2p	  and	  CMT-­‐3p	  canine	  mammary	  tumour	  cell	   lines.	  On	  the	  right,	  representative	  images	  can	  be	  seen	  for	  the	  
CMT-­‐2p	   cell	   line.	   Each	   bar	   represents	   the	   mean	   number	   ±	   SEM	   of	   three	   independent	   experiments.	   Original	  
magnification:	  200x.	  
	  
Additionally,	   to	   assess	   the	   invasion	   capacity	   of	   each	   cell	   line,	   we	   performed	   in	   vitro	  
invasion	  assays	  using	  Matrigel-­‐coated	  transwell	  chambers.	  As	  shown	  in	  Figure	  11,	  we	  can	  observe	  
that	  CMT-­‐2p	  cells	  are	  not	  invasive,	  since	  there	  were	  almost	  no	  cells	  with	  invasive	  capacity.	  Only	  an	  
average	  of	  0.17%	  of	  CMT-­‐2p	  cells	  were	  able	  to	  invade,	  followed	  by	  CMT-­‐1m,	  with	  an	  average	  of	  
2%	  of	  invasive	  cells,	  and	  finally	  CMT-­‐3p,	  with	  almost	  10%	  of	  invasive	  cells.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  11.	  Invasion	  ability	  through	  an	  artificial	  extracellular	  matrix	  (Matrigel)	  assessed	  by	  Transwell	  assays.	  CMT-­‐2p	  cells	  
are	  non	   invasive,	  whereas	  CMT-­‐3p	   cells	   are	   the	  ones	  presenting	   a	  high	   invasion	   capacity.	   Each	  bar	   represents	  mean	  
number	  ±	  SEM	  of	  invaded	  cells	  after	  24	  hours	  (three	  independent	  experiments).	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   Finally,	  since	  MMPs	  are	  a	  family	  of	  proteases	  which	  are	  well	  known	  to	  be	  involved	  in	  cell	  
invasion	   induction,	   namely	   in	   the	   ECM	   degradation	   components,	   their	   activity	   levels	  were	   also	  
assessed	  in	  the	  conditioned	  medium	  from	  the	  three	  canine	  mammary	  tumour	  cell	   lines,	  using	  β-­‐
casein	  [to	  assess	  MMP-­‐2	  (66	  KDa),	  MMP-­‐1	  (42	  KDa)	  and	  MMP-­‐7	  (28	  KDa)	  activity]	  and	  gelatin	  [to	  
assess	  MMP-­‐2	  (66	  KDa)	  and	  MMP-­‐9	  (92	  KDa	  activity)]	  zymography.	  As	  shown	  in	  Figure	  12,	  CMT-­‐
1m	   cells	   showed	   MMP-­‐2,	   MMP-­‐1,	   and	   MMP-­‐9	   protease	   activity.	   However,	   CMT-­‐2p	   cell	   lines	  
showed	   a	   higher	   activity	   of	  MMP-­‐2	   and	  MMP-­‐1,	  whereas	   CMT-­‐3p	   cells	   showed	   active	   levels	   of	  
MMP-­‐7	  and	  MMP-­‐9.	  
 
 
 
 
	  
	  
	  
	  
Figure	  12.	  (A)	  β-­‐casein	  zymography,	  which	  showed	  MMP-­‐2	  activity	  in	  the	  three	  cell	  lines.	  Concerning	  MMP-­‐1,	  CMT-­‐1m	  
cells	   showed	   low	  activity,	  whereas	  CMT-­‐2p	   cells	   showed	   increased	   levels.	  MMP-­‐7	  activity	  was	  only	   found	   in	  CMT-­‐3p	  
cells.	   (B)	  Gelatin	  zymography	  revealed	  MMP-­‐9	  activity	   in	  CMT-­‐1m	  and	  CMT-­‐3p	  cell	   lines.	  Concerning	  MMP-­‐2	  activity,	  
the	  results	  confirmed	  the	  ones	  obtained	  with	  b-­‐casein	  zymography,	  showing	  that	  CMT-­‐2p	  cells	  are	  the	  ones	  with	  higher	  
activity	  levels	  of	  this	  protease.	  	  
 
2.	  INVESTIGATING	  THE	  CANCER	  STEM	  CELL	  PHENOTYPE	  OF	  THE	  CANINE	  MAMMARY	  TUMOUR	  CELL	  
LINES	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	  	  
To	   address	   if	   CMT-­‐1m,	   CMT-­‐2p	   and	   CMT-­‐3p	   cell	   lines	   could	   be	   distinguished	  
phenotypically	   by	   the	   expression	   of	   human	   breast	   CSC	   markers,	   the	   expression	   of	   α6	   and	   β4	  
integrins,	   CD44v6,	   CD44s,	   CD24	   and	   ALDH1	   (ALDH1A1	   isoform)	  was	   evaluated	   by	  western	   blot	  
and	  immunofluorescence,	  as	  shown	  in	  Figure	  13.	  	  	  
	  Analysing	  the	  results,	   it	   is	   interesting	  to	  note	  that	  the	  canine	  mammary	  tumour	  cell	   line	  
that	   expresses	  more	   CSC	  markers	   is	   the	   CMT-­‐2p,	   since	   it	   highly	   expresses	   α6	   and	   β4	   integrins,	  
CD44v6	   and	   ALDH1;	   CMT-­‐1m	   cells	   also	   express	   these	   same	   markers,	   but	   in	   a	   weakly	   way	  
compared	  with	  CMT-­‐2p,	  but	  strongly	  expresses	  CD44s.	  Regarding	  CMT-­‐3p	  cell	  line,	  this	  seems	  to	  
be	  the	  one	  expressing	  less	  CSC	  markers,	  since	  it	  only	  expresses	  CD44s,	  but	  low	  CD44v6	  and	  β4-­‐Int,	  
being	  completely	  negative	  for	  α6-­‐Int	  and	  ALDH1.	  None	  of	  the	  cell	  lines	  express	  membrane	  CD24,	  
as	  observed	  by	  immunofluorescence.	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Figure	  13.	  (A)	  Western	  blot	  showing	  expression	  of	  some	  breast	  CSC	  markers	  in	  CMT-­‐1m,	  CMT-­‐2p	  and	  CMT-­‐3p	  cell	  lines,	  
namely	   α6	   and	   β4	   integrins,	   ALDH1,	   CD44v6	   and	   CD44s.	   (B)	   Immunofluorescence	   to	   confirm	   the	   expression	   and	  
localization	  of	   some	  breast	  CSC	  markers,	  namely	  a6	   integrin,	  CD24,	  CD44s	  and	  CD44v6.	  Original	  magnification:	  630x.	  
Scale	  bar=10μm.	  
 
We	   subsequently	   asked	  whether	   any	   of	   the	   three	   cell	   lines	   was	   enriched	   for	   the	  most	  
commonly	  used	  human	  breast	  CSC	  phenotype,	   the	  CD44+CD24-­‐/low	  phenotype	  defined	  by	  Al-­‐Hajj	  
and	   colleagues	   (Al-­‐Hajj	   et	   al.,	   2003).	   Therefore,	   the	   combined	   expression	   of	   CD44/CD24	   was	  
determined	   by	   flow	   cytometry	   in	   the	   three	   canine	   mammary	   tumour	   cell	   lines.	   Results	   are	  
summarized	   in	   Figure	   14.	   In	   fact,	   flow	   cytometry	   analysis	   allowed	   us	   to	   divide	   the	   populations	  
according	  to	  different	  levels	  of	  CD24	  and	  CD44	  expression.	  
Although	  not	  detected	  by	  immunofluorescence,	  CD24	  was	  differentially	  detected	  amongst	  
the	   cell	   lines	   analysed	   by	   flow	   cytometry,	   being	   its	   expression	   higher	   in	   CMT-­‐1m	   cell	   line	   and	  
lower	   in	   CMT-­‐2p	   and	   CMT-­‐3p.	   The	   expression	   of	   CD44	  was	   similar,	   being	   high	   in	   all	   cell	   lines.	  
Therefore,	  we	  observed	  that	  CMT-­‐2p	  and	  CMT-­‐3p	  was	  enriched	  for	  the	  most	  commonly	  used	  CSC	  
phenotype,	   the	   CD44+CD24-­‐/low	   and	   CMT-­‐1m	   are	   mainly	   constituted	   by	   a	   CD44+CD24+	   cell	  
population.	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Figure	   14.	   Identification	   of	   the	   subpopulations	   defined	   by	   CD44-­‐FITC	   and	   CD24-­‐PE	   expression	   in	   canine	   mammary	  
tumour	  cell	  lines	  by	  flow	  cytometry.	  	  
	  
 
In	  this	  study,	  we	  still	  used	  the	  ALDEFLUOR	  assay	  to	  analyse	  the	  canine	  mammary	  tumour	  
cell	  lines,	  which	  is	  a	  useful	  tool	  for	  detecting	  the	  enzymatic	  activity	  of	  the	  ALDH	  isoforms,	  such	  as	  
ALDH1A1	  and	  ALDH1A3	  and	  the	  principle	  of	  this	  assay	  is	  demonstrated	  in	  Figure	  15.	  A	  summary	  of	  
the	  percentage	  of	  the	  putative	  stem	  cell	  fraction	  obtained	  by	  the	  ALDEFLUOR	  assay	  is	  presented	  
in	   Figure	   16.	   As	   the	   results	   showed,	   the	   three	   cell	   lines	   have	   ALDH	   activity	   and	   no	   significant	  
differences	  were	  found	  amongst	  the	  cell	  lines.	  
	  
	  
Figure	  15.	  ALDEFLUOR	  assay	  principle	  and	  gating	  strategy	  to	  identify	  the	  ALDEFLUOR	  positive	  subpopulation	  in	  canine	  
mammary	  tumour	  cell	  lines,	  where	  a	  human	  breast	  cancer	  cell	  line	  (MDA-­‐MB-­‐468)	  was	  used	  as	  a	  positive	  control.	  BAAA	  
–	  ALDH1	  substrate,	  DEAB	  –	  ALDH1	  inhibitor.	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Figure	   16.	   (A)	   (B)	   (C)	   Images	   exemplifying	   the	   results	   of	   ALDEFLUOR	   assay	   in	   CMT-­‐1m,	   CMT-­‐2p	   and	   CMT-­‐3p,	  
respectively.	   (D)	   	   Percentage	   of	   the	   ALDEFLUOR	   positive	   subpopulation	   defined	   by	   the	   ALDEFLUOR	   assay	   (StemCell	  
Technologies)	   in	  the	  three	  canine	  mammary	  tumour	  cell	   lines.	  Each	  bar	  represents	  mean	  number	  ±	  SEM	  of	  the	  three	  
independent	  experiments.	  
	  
3.	  STUDYING	  THE	  ABILITY	  OF	  THE	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	   CANINE	  MAMMARY	  TUMOUR	  
CELL	  LINES	  TO	  GROW	  IN	  ANCHORAGE	  INDEPENDENT	  CONDITIONS	  AS	  SPHEROIDS	  
Dontu	   et	   al.	   (2003)	   showed	   that	   ALDEFLUOR-­‐positive	   cells	   were	   able	   to	   form	   spheres	  
through	  a	  specific	  assay	  and	  Ginestier	  et	  al.	  (2007)	  found	  that	  mammospheres	  were	  enriched	  for	  
ALDH1.	  The	  referred	  assay	  has	  been	  used	  to	   isolate	  cells	  that	  seem	  to	  be	  breast	  cells	  with	  stem	  
cell	   properties,	   since	   this	  mammary	   epithelial	   cells	   could	   survive	   and	   proliferate	   in	   anchorage-­‐
independent	  conditions	  (Dontu	  et	  al.,	  2003),	  showing	  self-­‐renewal	  capacity.	  	  
Thus,	  this	  assay	  has	  been	  applied	  to	  the	  three	  canine	  mammary	  tumour	  cell	   lines,	  which	  
were	  able	  to	  grow	  in	  anchorage	  independent	  conditions,	  forming	  multicellular	  structures	  that	  can	  
encompass	   different	  morphologies.	   An	   example	   of	   the	  mammospheres	   obtained	   is	   depicted	   in	  
Figure	  17A.	  Our	  microscopical	  analysis	  showed	  that	  mammospheres	  could	  be	  roughly	  divided	  into	  
two	   main	   groups:	   a	   compact	   spherical	   structure	   (as	   showed	   by	   CMT-­‐1m	   and	   CMT-­‐3p	   cells),	  
containing	   inside	   the	   stem/progenitor	   cells.	   This	   central	   sphere	   can	   be	   surrounded	   by	  
differentiated	  cells	  that	  either	  resisted	  death	  by	  anoikis	  or	  are	  derived	  from	  the	  central	  structure.	  
On	   the	   other	   hand,	   some	   mammospheres	   have	   a	   loose	   grape-­‐like	   structure	   and	   no	   central	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compact	  aggregate	  can	  be	  distinguished	   (as	   showed	  by	  CMT-­‐2p).	  When	  mammosphere	   forming	  
efficiency	   (MFE)	   was	   determined	   (Figure	   17B),	   we	   could	   observe	   that	   stem/progenitor	   cells	   in	  
breast	   cell	   lines	   represent	  a	   small	   fraction	  of	   the	  whole	  population,	  with	   the	  MFE	   ranging	   from	  
1.07	  to	  3.05%.	  
	  
Figure	  17.	  (A)	  Morphological	  characteristics	  of	  2D	  (monolayer)	  and	  3D	  mammospheres	  of	  CMT-­‐1m,	  CMT-­‐2p	  and	  CMT-­‐
3p	   cell	   lines.	   Monolayer	   magnification:	   200x;	   Mammosphere	   magnification:	   100x.	   (B)	   Percentage	   of	   mammosphere	  
forming	  efficiency	  (MFE)	  of	  the	  three	  distinct	  cell	  lines.	  Each	  bar	  represents	  mean	  number	  ±	  SEM	  of	  the	  six	  independent	  
experiments.	  
 
We	  also	  tried	  to	  characterise	  these	  mammospheres	  through	  western	  blot	  assays	  for	  some	  
CSC	  markers,	  although	  without	  success	  due	  to	  low	  efficiency	  in	  collecting	  total	  protein	  lysates.	  	  	  
	  
4.	   INVESTIGATING	   THE	   LINK	   BETWEEN	   EMT	   AND	   THE	   CSC	   PHENOTYPE	   IN	   CANINE	   MAMMARY	  
TUMOUR	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	  CELL	  LINES	  
Recent	   research	   has	   connected	   the	   acquisition	   of	   CSC	   traits	   with	   the	   EMT	  
transdifferentiation	  program	  (Mani	  et	  al.,	  2008,	  Creighton	  et	  al.,	  2010,	  Hayashida	  et	  al.,	  2011,	  Li	  
and	  Zhou,	  2011).	  The	  EMT	  is	  a	  key	  developmental	  program	  that	  is	  often	  activated	  during	  cancer	  
invasion	  and	  metastasis.	  In	  this	  process,	  cells	  undergo	  a	  transition	  form	  an	  epithelial	  phenotype	  to	  
a	   more	   mesenchymal	   phenotype,	   acquiring	   abilities	   to	   invade,	   to	   resist	   apoptosis	   and	   to	  
metastasize.	  Here,	  we	   investigated	   if	   the	   canine	  mammary	   tumour	   cell	   lines	   that	  present	  more	  
CSC	  markers	  were	  the	  ones	  also	  expressing	  higher	  levels	  of	  EMT	  markers,	  such	  as	  fibronectin	  (Fib),	  
N-­‐Cadherin	  (N-­‐Cad)	  and	  β-­‐catenin	  (β-­‐Cat).	  
As	  can	  be	  seen	  in	  Figure	  18A,	  CMT-­‐1m	  cell	  line	  highly	  express	  β-­‐cat	  and	  Fib,	  but	  low	  levels	  
of	  N-­‐Cad;	   in	  contrast,	  CMT-­‐2p	  cells	  only	  express	  β-­‐cat,	  and	  CMT-­‐3p	  highly	  express	  N-­‐cad	  and	  β-­‐
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cat.	  However,	   in	  CMT-­‐2p	  (Figure	  18B),	  we	  observed	  that	  the	   localization	  of	  β-­‐cat	  was	  not	  at	  the	  
membrane,	  which	  can	  indicate	  that	  this	  protein	  is	  not	  functional	  in	  terms	  of	  adhesion.	  	  	  
	  	  
Figure	  18.	  (A)	  Western	  blot	  showing	  expression	  of	  EMT	  markers	  in	  CMT-­‐1m,	  CMT-­‐2p	  and	  CMT-­‐3p	  cell	  lines.	  CMT-­‐1m	  cell	  
line	  highly	  express	  β-­‐cat	  and	  Fib,	  but	  low	  levels	  of	  N-­‐Cad.	  On	  the	  other	  hand,	  CMT-­‐2p	  only	  express	  β-­‐cat	  and	  CMT-­‐3p	  
highly	  express	  N-­‐cad	  and	  β-­‐cat.	  (B)	  Immunofluorescence	  showed	  that	  the	  localization	  of	  β-­‐cat	  protein	  is	  at	  the	  cellular	  
membrane	  for	  CMT-­‐1m	  and	  CMT-­‐3p,	  but	  it	  is	  cytoplasmatic	  in	  CMT-­‐2p	  cells.	  Original	  magnification:	  630x.	  
 
5.	  INVESTIGATING	  THE	  EXPRESSION	  OF	  THE	  CANCER	  STEM	  CELL	  MARKERS	  ALDH1,	  CD44	  AND	  CD24	  
IN	  A	  SERIES	  OF	  CANINE	  MAMMARY	  CARCINOMAS	  	  
	  
Patients	  and	  tumour	  characteristics	  
The	  overall	  clinicopathological	  characteristics	  of	  our	  series	  are	  displayed	  in	  Table	  4.	  Clinical	  
information	  regarding	  animal	  age	  was	  possible	  in	  102	  cases.	  The	  mean	  age	  of	  dogs	  at	  the	  time	  of	  
surgical	   tumour	   removal	  was	  9.7	  ±	  2.4	   years	   (range	  4-­‐15	  years	  of	   age).	   For	   statistical	  purposes,	  
age	  groups	  were	  established	  based	  on	  the	  mean	  age	  of	  dogs,	  with	  animals	  divided	   in	  young	  (≤9	  
years)	   and	   old	   (>9	   years).	   Concerning	   tumour	   size,	   it	   was	   available	   for	   98	   cases.	   The	   mean	  
maximum	  tumour	  diameter	  was	  4.53	  ±	  3.99	  cm,	  with	  tumours	  ranging	  from	  0.5	  to	  20cm.	  As	  for	  
skin	   ulceration,	   it	   was	   found	   in	   21	   (19.4%)	   out	   of	   the	   108	   cases	   with	   available	   information.	  
Histologically,	   the	  112	  malignant	   tumour	   types	   comprised	   30	   tubulopapillary	   carcinomas	   (n=30;	  
20.7%),	   30	   complex	   carcinomas	   (26.8%),	   25	   solid	   carcinomas	   (22.3%),	   14	   carcinosarcomas	  
(12.5%),	  6	  spindle	  cell	  carcinomas	  (5.4%),	  4	  carcinomas	  in	  benign	  tumour	  (3.6%)	  and	  3	  anaplastic	  
carcinomas	   (2.7%),	   according	   to	   WHO	   criteria	   for	   canine	   mammary	   tumours	   (Misdorp	   et	   al.,	  
1999).	  Lymphovascular	  invasion	  was	  present	  in	  59	  cases	  (52.7%).	  Lymph	  nodes	  were	  available	  in	  
53	   cases	   with	   confirmed	   metastasis	   in	   27	   cases	   (50.9%).	   With	   regard	   to	   histological	   grade,	  
carcinomas	  were	  classified	  as	  grade	  I	  (n=12;	  10.7),	  grade	  II	  (n=39;	  34.8)	  and	  grade	  III	  (n=61;	  54.5),	  
according	  to	  the	  Nottingham	  method.	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Table	  4	  –	  Frequencies	  observed	  in	  the	  present	  series	  for	  clinicopathological	  parameters.	  
Clinicopathological	  parameters	   Frequencies	  n(%)	  
Age	  (n=102)	  	   	  
≤	  9	  years	  old	   46	  (45.1)	  
>	  9	  years	  old	   56	  (54.9)	  
Tumour	  size	  (n=98)	   	  
<3	  cm	   41	  (41.8)	  
3-­‐5	  cm	   31	  (31.6)	  
>5	  cm	   26	  (26.6)	  
Skin	  ulceration	  (n=108)	   	  
Absent	   87	  (80.6)	  
Present	   21	  (19.4)	  
Histological	  type	  (n=112)	   	  
Tubulopapillary	  carcinoma	   30	  (26.7)	  
Solid	  carcinoma	   25	  (22.3)	  
Carcinosarcoma	   14	  (12.5)	  
Anaplastic	  carcinoma	  	   3	  (2.7)	  
Spindle	  cell	  carcinoma	   6	  (5.4)	  
Complex	  carcinoma	  	   30	  (26.8)	  
Carcinoma	  in	  benign	  tumour	   4	  (3.6)	  
Lymphovascular	  Invasion	  (n=112)	   	  
Absent	   53	  (47.3)	  
Present	   59	  (52.7)	  
Lymph	  node	  metastasis	  (n=53)	   	  
Absent	   26	  (49.1)	  
Present	   27	  (50.9)	  
Histological	  grade	  (n=112)	   	  
Grade	  I	   12	  (10.7)	  
Grade	  II	   39	  (34.8)	  
Grade	  III	   61	  (54.5)	  
	  
Immunohistochemistry	  profiles	  in	  canine	  tumours	  
Immunohistochemical	  analysis	  was	  performed	  for	  CD44,	  CD24	  and	  ALDH1	  (CSC	  markers)	  
expression	   in	  a	   series	  of	   canine	  mammary	   carcinomas.	  Evaluation	  of	  CD44	  was	  available	   in	  111	  
cases:	   one	   case	   was	   excluded	   due	   to	   staining	   absence	   in	   adjacent	   mammary	   gland	   (internal	  
control),	  probably	  due	  to	  the	  poor	  preservation	  of	  the	  material.	  For	  CD24	  and	  ALDH1,	  evaluation	  
was	  performed	  on	  102	  cases,	  because	  there	  was	  no	  sufficient	  tumour	  material	  available.	  
	   In	  normal	  adjacent	  mammary	  gland,	  CD44	  expression	  was	  found	  in	  myoepithelial	  cells	  and	  
at	   the	   basal	   and	   some	   lateral	   surfaces	   of	   ductal	   and	   lobular	   epithelial	   cells	   (Figure	   19A	   and	  B).	  
Frequently,	   stromal	   tissue	   also	   showed	   a	  weak	   to	  moderate	   immunolabelling.	   CD24	   expression	  
was	   infrequently	   found	   in	   adjacent	   mammary	   gland,	   being	   characterized	   by	   luminal	   apical	  
membrane	  and	  secretion	  staining,	  more	  pronounced	  in	  dilated	  ducts	  (Figure	  20A).	  With	  regard	  to	  
ALDH1,	   a	   cytoplasmic	   expression	  was	   focally	   found	   in	  ductal	   luminal	   epithelial	   cells	   of	   adjacent	  
mammary	  gland,	  occasionally	  associated	  with	  nuclear	  expression	  (Figure	  21A). 
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The	  results	  of	  the	  immunohistochemical	  analysis	  for	  CD44	  and	  CD24	  are	  shown	  in	  Table	  5	  
and	   6,	   when	   considering	   four	   or	   two	   categories,	   respectively,	   according	   with	   the	   evaluation	  
criteria	  previously	  described.	  Concerning	  CD44	  membrane	  staining,	  81.1%	   (90/111)	  of	   the	  cases	  
were	   considered	  positive,	  with	   56	   cases	   (50.5%)	   showing	  more	   than	  50%	  of	   positive	   neoplastic	  
cells	  (Figure	  19C	  and	  D).	  In	  contrast,	  for	  membrane	  CD24,	  a	  minority	  of	  cases	  (4.9%,	  5/102)	  were	  
classified	  as	  positive,	  being	  characterized	  by	  a	  clear	  membrane	  expression	   in	  more	   than	  25%	  of	  
neoplastic	  cells	  (Figure	  20B,	  C	  and	  D).	  Cytoplasmic	  staining	  was	  also	  considered	  for	  CD24	  marker,	  
with	  9.8%	  (10/102)	  of	  positive	  carcinoma	  cases.	  
 
	  
Table	  5	  –	  Immunoexpression	  observed	  for	  CD44	  and	  CD24.	  
	   <10%	   10-­‐25%	   26-­‐50%	   >50%	  
CD44	  (n=111)	   21	  (18.9)	   13	  (11.7)	   21	  (18.9)	   56	  (50.5)	  
CD24	  (n=102)	   79	  (77.5)	   18	  (17.6)	   5	  (4.9)	   0	  (0.0)	  
	  
 
 
Table	  6	  –	  Immunoexpression	  divided	  in	  two	  major	  categories	  for	  CD44	  and	  CD24.	  
	   Negative	   Positive	  
CD44	  (n=111)	   21	  (18.9)	   90	  (81.1)	  
CD24	  (n=102)	   	   	  
Membrane	   97	  (95.1)	   5	  (4.9)	  
Cytoplasm	   92	  (90.2)	   10	  (9.8)	  
	  
	  
Immunohistochemical	   staining	   for	   ALDH1	   was	   classified	   in	   two	   categories	   both	   at	  
epithelial	   tumour	   cells	   and	   stromal	   cells	   (Table	   7).	   A	   clear	   ALDH1	   cytoplasmic	   expression	   was	  
observed	  in	  more	  than	  1%	  of	  tumour	  cells	  in	  36	  (35.3%)	  carcinoma	  cases	  (Figure	  21B	  and	  C).	  Nine	  
of	   these	  positive	  cases	   (9/36;	  25%)	  also	  showed	  nuclear	  positivity.	   In	  addition,	  moderate/strong	  
stromal	  staining	  for	  ALDH1	  was	  observed	  in	  22.5%	  (23/102)	  cases	  (Figure	  21D).	  
	  
Table	  7	  –	  Immunoexpression	  observed	  for	  ALDH1.	  
	   Epithelial	   Stromal	  
	   Negative	   Positive	   None/weak	   Moderate/strong	  
ALDH1	  (n=102)	   66	  (64.7%)	   36	  (35.3%)	   79	  (77.5%)	   23	  (22.5%)	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Figure	  19.	  Immunohistochemical	  expression	  of	  CD44	  in	  canine	  mammary	  tissues.	  (A)	  Adjacent	  mammary	  gland	  showing	  
CD44	  immunoexpression	  in	  the	  myoepithelial	  cell	   layer;	  (B)	  Negative	  immunoexpression	  in	  tumour	  epithelial	  cells	  (on	  
the	  right);	   (C)	  Tubulopapillary	  carcinoma	  with	  neoplastic	  epithelial	   cells	  weakly	  positive	   for	  CD44;	   (D)	  Tubulopapillary	  
carcinoma	  with	  neoplastic	  epithelial	  cells	  strongly	  positive	  for	  CD44.	  Original	  magnification:	  400x	  (A,	  C	  and	  D)	  and	  200x	  
(B).	  
	  
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure	   20.	   Immunohistochemical	   expression	   of	   CD24	   in	   canine	   mammary	   tissues.	   (A)	   An	   apically	   accentuated	  
membranous	  staining	  of	  luminal	  ductal	  epithelial	  cells	  in	  adjacent	  mammary	  gland;	  (B)	  Tubulopapillary	  carcinoma	  with	  
neoplastic	   epithelial	   cells	   showing	  CD24	  expression;	   (C)	  Neoplastic	   embolus	  weakly	  positive	   for	  CD24;	   (D)	   Carcinoma	  
with	   basally	   located	   neoplastic	   cells	   positive	   for	   CD24,	   which	   are	   in	   direct	   contact	   with	   the	   stroma.	   Original	  
magnification:	  400x.	  
 
Results	  
 
 
 
44	  
 
 
 
 
 
 
 
 
 
 
 
	  
	  
	  
	  
	  
Figure	   21.	   Immunohistochemical	   expression	   of	   ALDH1	   in	   canine	   mammary	   tissues.	   (A)	   Cytoplasmic	   and	   nuclear	  
expression	   of	   ALDH1	   in	   luminal	   ductal	   epithelial	   cells	   of	   adjacent	   mammary	   gland;	   (B)	   Complex	   carcinoma	   with	  
neoplastic	   epithelial	   cells	   showing	   ALDH1	   cytoplasmic	   and	   nuclear	   expression;	   (C)	   Complex	   carcinoma	   showing	  
cytoplasmic	  expression	  by	  neoplastic	  epithelial	  cells;	  (D)	  Solid	  carcinoma,	  characterized	  by	  moderate	  stromal	  expression	  
of	  ALDH1.	  Original	  magnification:	  600x	  (A);	  400x	  (B	  and	  C)	  and	  200x	  (D).	  
	  
Association	  of	  CSC	  markers	  with	  clinicopathological	  parameters	  	  
In	   the	   present	   study,	   CSC	   marker	   expression	   was	   associated	   with	   several	   classical	  
clinicopathological	   parameters,	   as	   well	   as	   with	   Ki-­‐67	   index	   (Table	   8).	   CD44	   expression	   was	  
significantly	   associated	   with	   the	   histological	   type	   (p<0.001),	   with	   all	   tumour	   types	   evaluated	  
exhibiting	   more	   than	   65%	   of	   positive	   cases,	   with	   the	   exception	   of	   solid	   carcinoma	   type.	   This	  
tumour	  type	  was	  negative	  in	  more	  than	  half	  cases	  (n=13;	  54.2%).	  No	  significant	  associations	  were	  
found	   for	   other	   parameters,	   although	   there	   is	   a	   tendency	   towards	   significance	   with	   regard	   to	  
histological	  grade,	  with	  all	  grade	  I	  carcinomas	  positive	  for	  CD44	  compared	  to	  grade	  III,	  with	  75%	  
positive	  cases.	  
No	  significant	  associations	  were	  found	  between	  CD24	  expression	  and	  clinicopathological	  
parameters	   evaluated,	   possibly	   due	   to	   the	   small	   number	   of	   positive	   cases.	   However,	   positive	  
CD24	  cases	  consisted	  in	  the	  following	  histological	  types:	  two	  tubulopapillary	  carcinomas,	  one	  solid	  
carcinoma,	   one	   carcinosarcoma	   and	   one	   complex	   carcinoma.	   These	   tumours	  were	   classified	   as	  
three	  grade	  II	  and	  two	  grade	  III	  carcinomas.	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Concerning	  ALDH1	  cytoplasmic	  expression,	   it	  was	   significantly	  associated	   (p=0.001)	  with	  
the	   absence	   of	   lymphovascular	   invasion.	   Only	   eleven	   out	   of	   54	   cases	   (20.4%)	   with	   vascular	  
invasion	  showed	  ALDH1	  expression,	  whereas	  25/48	  carcinomas	  (52.1%)	  without	  vascular	  invasion	  
were	   immunopositive	   for	   this	   molecule.	   ALDH1	   was	   also	   associated	   with	   histological	   type	  
(p=0.045),	  being	  frequently	  positive	  in	  tubulopapillary	  and	  complex	  carcinoma.	  
With	  regard	  to	  stromal	  ALDH1	  expression,	  no	  significant	  associations	  were	  found	  between	  
its	  expression	  and	  clinicopathological	  variables	  (Table	  9).	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Table	  8	  –	  Association	  between	  CSC	  markers	  and	  clinicopathological	  parameters	  and	  biological	  biomarker.	  
Clinicopathological	  
parameters	  
CD44	  (n	  (%))	   CD24	  (n	  (%))	   ALDH1	  (n	  (%))	  
n	   Negative	   Positive	   n	   Negative	   Positive	   n	   Negative	   Positive	  
Age	   102	   19	   83	   94	   89	   5	   94	   62	   32	  
≤	  9	  years	  old	   50	   8	  (16.0)	   42	  (84.0)	   47	   45	  (95.7)	   2	  (2.1)	   62	   29	  (61.7)	   18	  (38.3)	  
>	  9	  years	  old	   52	   11	  (21.2)	   41	  (78.8)	   47	   44	  (93.6)	   3	  (3.2)	   32	   33	  (70.2)	   14	  (29.8)	  
p	  Value	   	   0.613	   	   1.000	   0.514	  
Tumour	  size	   98	   21	   77	   92	   87	   5	   92	   59	   33	  
<3	  cm	   39	   5	  (12.8)	   34	  (87.2)	   37	   34	  (91.9)	   3	  (8.1)	   37	   26	  (70.3)	   11	  (29.7)	  
3-­‐5	  cm	   27	   7	  (25.9)	   20	  (74.1)	   25	   24	  (96.0)	   1	  (4.0)	   25	   13	  (52.0)	   12	  (48.0)	  
>5	  cm	   32	   9	  (28.1)	   23	  (71.9)	   30	   29	  (96.7)	   1	  (3.3)	   30	   20	  (66.7)	   10	  (33.3)	  
p	  Value	   	   0.235	   	   0.731	   0.337	  
Skin	  ulceration	   107	   21	   86	   100	   95	   5	   100	   65	   35	  
Absent	   87	   18	  (20.7)	   69	  (79.3)	   80	   77	  (96.3)	   3	  (3.8)	   80	   49	  (61.2)	   31	  (38.8)	  
Present	   20	   3	  (15.0)	   17	  (85.0)	   20	   18	  (90)	   2	  (10)	   20	   16	  (80.0)	   4	  (20.0)	  
p	  Value	   	   0.758	   	   0.261	   0.189	  
Histological	  type	   111	   21	   90	   102	   97	   5	   102	   66	   36	  
Tubulopapillary	  
carcinoma	   30	   4	  (13.3)	   26	  (86.7)	   29	   27	  (93.1)	   2	  (6.9)	   29	   15	  (51.7)	   14	  (48.3)	  
Solid	  carcinoma	   24	   13	  (54.2)	   11	  (45.8)	   22	   21	  (95.5)	   1	  (4.5)	   23	   19(82.6)	   4	  (17.4)	  
Carcinosarcoma	   14	   2	  (14.3)	   12	  (95.7)	   12	   11	  (91.7)	   1	  (8.3)	   12	   10	  (83.3)	   2	  (16.7)	  
Anaplastic	  carcinoma	  	   3	   1	  (33.3)	   2	  (66.7)	   3	   3	  (100)	   0	  (0.0)	   3	   3	  (100)	   0	  (0.0)	  
Spindle	  cell	  carcinoma	   6	   0	  (0.0)	   6	  (100)	   5	   5	  (100)	   0	  (0.0)	   4	   3	  (75.0)	   1	  (25.0)	  
Complex	  carcinoma	  	   30	   1	  (3.3)	   29	  (96.7)	   27	   26	  (96.3)	   1	  (3.7)	   27	   13	  (48.1)	   14	  (51.9)	  
Carcinoma	  in	  benign	  
tumour	   4	   0	  (0.0)	   4	  (100)	   4	   4	  (100)	   0	  (0.0)	   4	   3	  (75.0)	   1	  (25.0)	  
p	  Value	   	   <0.001	   	   1.000	   0.045	  
Lymphovascular	  Invasion	   111	   21	   90	   102	   97	   5	   92	   66	   36	  
Absent	   53	   9	  (17.0)	   44	  (83.0)	   49	   46	  (93.9)	   3	  (6.1)	   48	   23	  (47.9)	   25	  (52.1)	  
Present	   58	   12	  (20.7)	   46	  (79.3)	   53	   51	  (96.2)	   2	  (3.8)	   54	   43	  (79.6)	   11	  (20.4)	  
p	  Value	   	   0.638	   	   0.669	   0.001	  
Lymph	  node	  metastasis	   52	   8	   44	   48	   43	   5	   49	   32	   17	  
Absent	   25	   3	  (12.0)	   22	  (88.0)	   25	   22	  (88.0)	   3	  (12.0)	   25	   15	  (60.0)	   10	  (40.0)	  
Present	   27	   5	  (18.5)	   22	  (81.5)	   23	   21	  (91.3)	   2	  (8.7)	   24	   17	  (70.8)	   7	  (29.2)	  
p	  Value	   	   0.705	   	   1.000	   0.310	  
Histological	  grade	   111	   21	   90	   102	   97	   5	   102	   66	   36	  
Grade	  I	   12	   0	  (0)	   12	  (100)	   11	   11	  (100)	   0	  (0.0)	   10	   6	  (60.0)	   4	  (40.0)	  
Grade	  II	   39	   6	  (15.4)	   33	  (84.6)	   36	   33	  (91.7)	   3	  (8.3)	   36	   19	  (52.8)	   17	  (47.2)	  
Grade	  III	   59	   15	  (25.0)	   45	  (75.0)	   55	   53	  (96.4)	   2	  (3.6)	   56	   41	  (73.2)	   15	  (26.8)	  
p	  Value	   	   0.117	   	   0.406	   0.126	  
Median	  Ki-­‐67	   72	   26.89	   21.93	   65	   21.35	   32.50	   65	   23.93	   20.53	  
	  	  (Min-­‐Max)	   	  
12.10-­‐
56.36	  
5.39-­‐	  
49.20	  
	  
5.39-­‐	  
56.36	  
24.42-­‐
40.58	  
	  
7.77-­‐	  
56.36	  
5.39-­‐
36.85	  
p	  Value	   	   0.261	   	   0.239	   0.170	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Table	  9	  –	  Association	  of	  stromal	  ALDH1	  markers	  with	  clinicopathological	  parameters.	  
Clinicopathological	  parameters	  
Stromal	  ALDH1	  (n	  (%))	  
N	   Negative	   Positive	  
Age	   	   	   	  
≤	  9	  years	  old	   47	   36	  (76.6)	   11	  (23.4)	  	  
>	  9	  years	  old	   47	   38	  (80.9)	   9	  (19.1)	  
p	  Value	   	   0.802	  
Tumour	  size	   	   	   	  
<3	  cm	   37	   32	  (86.5)	   5	  (13.5)	  
3-­‐5	  cm	   25	   17	  (68.0)	   8	  (32.0)	  
>5	  cm	   30	   20	  (66.7)	   10	  (33.3)	  
p	  Value	   	   0.112	  
Skin	  ulceration	   	   	   	  
Absent	   80	   61	  (76.3)	   19	  (23.8)	  
Present	   20	   16	  (80.0)	   4	  (20.0)	  
p	  Value	   	   1.000	  
Histological	  type	   	   	   	  
Tubulopapillary	  carcinoma	   27	   19	  (70.4)	   8	  (29.6)	  
Solid	  carcinoma	   22	   16	  (72.7)	   6	  (27.3)	  
Carcinosarcoma	   12	   10	  (83.3)	   2	  (16.7)	  
Anaplastic	  carcinoma	   3	   2	  (66.7)	   1	  (33.3)	  
Spindle	  cell	  carcinoma	   4	   4	  (100)	   0	  (0.0)	  
Complex	  carcinoma	   27	   21	  (77.8)	   6	  (22.2)	  
Carcinoma	  in	  benign	  tumour	   4	   4	  (100)	   0	  (0.0)	  
p	  Value	   	   0.748	  
Lymphovascular	  Invasion	   	   	   	  
Absent	   48	   39	  (81.2)	   9	  (18.8)	  
Present	   52	   38	  (73.1)	   14	  (26.9)	  
p	  Value	   	   0.353	  
Lymph	  node	  metastasis	   	   	   	  
Absent	   24	   21	  (87.5)	   3	  (12.5)	  
Present	   23	   16	  (69.6)	   7	  (30.4)	  
p	  Value	   	   0.168	  
Histological	  grade	   	   	   	  
Grade	  I	   10	   8	  (80.0)	   2	  (20.0)	  
Grade	  II	   36	   25	  (69.4)	   11	  (30.6)	  
Grade	  III	   53	   43	  (81.1)	   10	  (18.9)	  
p	  Value	   	   0.445	  
Median	  Ki67	  index	   	   23.4	   22.25	  
(Min-­‐Max)	   	   (5.39-­‐56.36)	   (16.76-­‐41.53)	  
p	  Value	   	   0.78	  
 
 
When	   the	   association	   between	   the	   combined	   expression	   of	   CD44+/CD24-­‐/ALDH1+	   and	  
clinicopathological	   data	   was	   addressed	   (Table	   10),	   we	   observed	   that	   the	   presence	   of	   the	   CSC	  
phenotype	  was	  significantly	  associated	  with	  histological	  type,	  namely	  tubulopapillary	  and	  complex	  
carcinomas.	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Table	  10	  –	  Association	  between	  the	  combined	  expression	  of	  CD44+/CD24-­‐/ALDH1+	  with	  clinicopathological	  parameters.	  
Clinicopathological	  
parameters	   N	  
CSC	  phenotype	  (CD44+/CD24-­‐/ALDH1+)	  
Negative	   Positive	  
Age	   	   	   	  
≤	  9	  years	  old	   47	   32	  (68.1)	   15	  (31.9)	  
>	  9	  years	  old	   46	   36	  (78.3)	   10	  (21.7)	  
p	  Value	   	   0.351	  
Tumour	  size	   	   	   	  
<3	  cm	   36	   29	  (80.6)	   7	  (19.4)	  
3-­‐5	  cm	   25	   17	  (68.0)	   8	  (32.0)	  
>5	  cm	   29	   20	  (69.0)	   9	  (31.0)	  
p	  Value	   	   0.452	  
Skin	  ulceration	   	   	   	  
Absent	   79	   57	  (72.2)	   22	  (27.8)	  
Present	   19	   15	  (78.9)	   4	  (21.1)	  
p	  Value	   	   0.773	  
Histological	  type	   	   	   	  
Tubulopapillary	  carcinoma	   27	   18	  (66.7)	   9	  (33.3)	  
Solid	  carcinoma	   20	   19	  (95.0)	   1	  (5.0)	  
Carcinosarcoma	   12	   11	  (91.7)	   1	  (8.3)	  
Anaplastic	  carcinoma	  	   3	   3	  (100)	   0	  (0.0)	  
Spindle	  cell	  carcinoma	   4	   3	  (75.0)	   1	  (25.0)	  
Complex	  carcinoma	  	   27	   14	  (51.9)	   13	  (48.1)	  
Carcinoma	  in	  benign	  tumour	   4	   3	  (75.0)	   1	  (25.0)	  
p	  Value	   	   0.019	  
Lymphovascular	  Invasion	   	   	   	  
Absent	   48	   31	  (64.6)	   17	  (35.4)	  
Present	   50	   41	  (82.0)	   9	  (18.0)	  
p	  Value	   	   0.068	  
Lymph	  node	  metastasis	   	   	   	  
Absent	   23	   16	  (69.6)	   7	  (30.4)	  
Present	   22	   16	  (72.7)	   6	  (27.3)	  
p	  Value	   	   1.000	  
Histological	  grade	   	   	   	  
Grade	  I	   10	   6	  (60.0)	   4	  (40.0)	  
Grade	  II	   36	   24	  (66.7)	   12	  (33.3)	  
Grade	  III	   51	   41	  (80.4)	   10	  (19.6)	  
p	  Value	   	   0.247	  
Median	  Ki-­‐67	   67	   23.11	   20.96	  
(Min-­‐Max)	   	   (7.7-­‐56.36)	   (5.39-­‐36.85)	  
p	  Value	   	   0.255	  
 
 
Kaplan-­‐Meier	   survival	   curves	  were	   generated	   in	   order	   to	   assess	   the	  potential	   impact	   of	  
the	   three	  CSC	  markers	   (CD44,	   CD24,	  ALDH1)	   in	   disease-­‐free	   and	  overall	   survival	   (Figure	   22	   and	  
23).	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Figure	  22.	  Kaplan-­‐Meier	  disease-­‐free	  survival	  (A)	  (C)	  (E)	  and	  overall	  survival	  (B)	  (D)	  (F)	  for	  the	  expression	  of	  CD44,	  CD24	  
and	  ALDH1,	  respectively.	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With	   the	   exception	   of	   epithelial	   ALDH1	   expression,	   no	   significant	   differences	   were	  
observed.	   ALDH1	   reach	   statistically	   significant	   levels,	  meaning	   that	   the	   absence	   of	   this	   protein	  
was	   a	   significant	   predictor	   of	   DFS	   (p=0.002)	   and	   OS	   (p=0.034)	   in	   dogs	   bearing	   mammary	  
carcinomas	   (Figure	   22E	   and	   F).	  On	   the	   other	   hand,	   stromal	   positivity	   was	   not	   associated	   with	  
survival	  (Figure	  23).	  
 
	  
Figure	  23.	  Kaplan-­‐Meier	  disease-­‐free	  survival	  (A)	  and	  overall	  survival	  (B)	  for	  the	  expression	  of	  stromal	  ALDH1.	  
	  
Similarly,	   when	   considering	   the	   influence	   on	   survival	   of	   the	   presence	   of	   the	   CSC	  
phenotype	  (CD44+CD24-­‐ALDH1+),	  no	  statistically	  significant	  differences	  were	  found	  (Figure	  24).	  
 
	  
	  Figure	   24.	   Kaplan-­‐Meier	   disease-­‐free	   survival	   (A)	   and	  overall	   survival	   (B)	   for	   the	   combination	  of	   CD44+CD24-­‐ALDH1+	  
and	  other	  phenotypes. 
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1.	  CHARACTERISATION	  OF	  THE	  PHENOTYPE	  AND	  FUNCTION	  OF	  THE	  CANINE	  MAMMARY	  TUMOUR	  
CELL	  LINES	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p.	  
Cell	  lines	  have	  been	  used	  as	  in	  vitro	  models	  for	  several	  years	  in	  cancer	  research	  to	  study	  
the	   biology	   of	   human	   neoplastic	   cells.	   These	   models	   allow	   us	   to	   work	   in	   highly	   controlled	  
conditions,	  being	  unconstrained	  by	  the	  practical	  and	  ethical	  considerations	  necessary	  with	  in	  vivo	  
models	  (Pinho	  et	  al.,	  2012).	  Despite	  cell	  lines	  are	  not	  exactly	  representative	  of	  the	  in	  vivo	  cancer	  
cell	  population,	  these	  might	  be	  the	  closest	  equivalent	  to	  the	  tumour	  initiating	  cells	  (or	  the	  origin	  
of	  cancers),	  or	  even	  to	  the	  CSCs,	  offering	  simplified	  systems	  for	  drug	  testing,	  as	  well	  as	  models	  for	  
the	   study	   of	   phenotype	   and	   genotype	   evolution	   under	   selective	   pressure	   (van	   Staveren	   et	   al.,	  
2009).	  	  
However,	   there	  are	   still	   few	  available	  cell	   cultures	   to	  use	   in	  veterinary	   sciences,	  despite	  
the	  considerable	  growth	  of	  interest	  on	  this	  methodology	  in	  the	  last	  years.	  Based	  on	  this	  fact,	  and	  
in	  order	   to	   contribute	  with	   important	  and	  additional	   tools	   for	   canine	  mammary	  biopathological	  
research,	  we	  decided	  to	  establish	  three	  spontaneous	  canine	  mammary	  tumour	  cell	  lines	  to	  use	  in	  
the	   present	  work:	   CMT-­‐1m,	   established	   from	   a	   pulmonary	  metastasis	   from	   a	   canine	  mammary	  
tumour,	  and	  CMT-­‐2p	  and	  CMT-­‐3p,	  established	  from	  primary	  canine	  mammary	  carcinomas.	  
Firstly,	   a	   characterisation	   of	   these	   canine	   mammary	   tumour	   cell	   lines	   through	  
immunofluorescence	   and	   western	   blot	   analysis	   was	   performed,	   aiming	   to	   investigate	   the	  
expression	  of	  some	  molecular	  markers	  and	  functional	  activities.	  	  
With	   regard	   to	   hormonal	   receptors	   (ER	   and	   PgR),	   all	   cell	   lines	   were	   positive	   for	   ER,	  
although	   CMT-­‐3p	   showed	   lower	   levels,	   whereas	   no	   cell	   line	   revealed	   PgR	   positivity.	   It	   is	   well	  
known	  that	  estrogen	  and	  ER	  play	  essential	   roles	   in	  both	  normal	  breast	  development	  and	  breast	  
cancer	   progression	   (Pearce	   and	   Jordan,	   2004).	   Estrogen	   exerts	   its	   biological	   effects	   usually	   by	  
binding	  to	  ER,	  which	  mainly	  exists	  in	  the	  nucleus	  as	  a	  member	  of	  the	  nuclear	  receptor	  superfamily	  
of	  transcription	  factors.	  The	  estrogen–ER	  complex,	  through	  genomic	  and	  nongenomic	  pathways,	  
leads	  to	  cellular	  proliferation	  and	  differentiation	  (Murphy	  and	  Watson,	  2002,	  Yamaguchi,	  2007).	  
Additionally,	  PgR	  is	  an	  estrogen-­‐regulated	  gene	  and	  its	  expression	  is	  therefore	  thought	  to	  indicate	  
a	  functioning	  ER	  pathway	  (Gama	  et	  al.,	  2008a);	  thus,	  its	  absence	  of	  expression	  in	  these	  three	  cell	  
lines	  might	  indicate	  a	  non-­‐functional	  ER	  signalling.	  
Although	   in	   human	   breast	   cancer,	   hormone	   receptor	   status	   is	   currently	   evaluated	   to	  
estimate	   prognosis	   and	   in	   predicting	   responsiveness	   to	   endocrine	   treatment,	   in	   canine	   cancer	  
there	   is	   still	   insufficient	   data	   in	   the	   literature	   regarding	   its	   prognostic	   significance.	   Absence	   of	  
hormonal	   receptors	   (ER	   and	   PgR)	   is	   usually	   associated	   with	   poor	   survival	   in	   canine	   victims	   of	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mammary	  cancer	  (Rutteman	  et	  al.,	  1988,	  Gama	  et	  al.,	  2008b),	  being	  frequently	  coupled	  with	  the	  
expression	  of	  basal/myoepithelial	   cell	  markers,	   such	  as	  p63	  or	  P-­‐cadherin	   (Gama	  et	  al.,	   2008b).	  
However,	  these	  cell	   lines	  were	  negative	  for	  these	  basal	  markers,	  as	  well	  as	  for	  HER2,	  a	  receptor	  
tyrosine	   kinase	   that	   is	   overexpressed	   in	   about	   15–30%	  of	   human	  breast	   carcinomas	   and	   highly	  
correlated	  with	  aggressive	  clinicopathological	  features	  (Burstein,	  2005).	  	  
As	  human	  breast	  cancer,	  canine	  mammary	  cancer	  is	  a	  molecularly	  heterogeneous	  disease,	  
being	   important	   to	   have	   available	   specific	   cancer	   cell	   lines	   that	   can	   reflect	   that	   molecular	  
diversity.	  Microarray	  based	  studies	  have	  identified	  four	  distinct	  molecular	  subtypes	  among	  human	  
breast	   carcinomas:	   luminal	   A,	   luminal	   B,	   HER2-­‐overexpressing	   and	   basal-­‐like,	   showing	  
characteristic	   gene-­‐expression	   patterns	   and	   diverse	   clinical	   outcomes.	   Based	   on	   our	   findings,	  
these	  canine	  mammary	  tumour	  cell	  lines,	  particularly	  CMT-­‐1m	  and	  CMT-­‐2p,	  might	  be	  classified	  as	  
luminal	   cell	   lines,	   given	   their	   strong	   positivity	   for	   ER,	   which	   can	   be	   putatively	   used	   in	   future	  
studies,	  namely	  in	  the	  search	  of	  endocrine	  therapies.	  
Several	  other	  molecules	  might	  be	  considered	  relevant	  markers	  to	  evaluate	  the	  molecular	  
profile	  and	  aggressive	  behaviour	  of	  human	  and	  canine	  malignancies,	  like	  adhesion	  receptors,	  such	  
as	   E-­‐cadherin	   or	   P-­‐cadherin	   deregulation.	   Loss	   or	   down-­‐regulation	   of	   E-­‐cadherin/β-­‐catenin	  
complexes	  has	  been	  associated	  with	  tumour	  progression	  in	  human	  (Gamallo	  et	  al.,	  1993,	  Yoshida	  
et	  al.,	  2001)	  and	  canine	  mammary	  cancer	   (Gama	  et	  al.,	   2008b),	  as	  well	   as	  anomalous	  epithelial	  
overexpression	  of	  P-­‐cadherin	  in	  human	  breast	  cancer	  was	  associated	  with	  an	  aggressive	  biological	  
behaviour	  and	  poor	  patient	  outcome	  (Paredes	  et	  al.,	  2002,	  Paredes	  et	  al.,	  2005),	  which	  has	  not	  
been	   found	   in	   the	   canine	   model,	   although	   its	   frequent	   overexpression	   in	   invasive	   canine	  
mammary	  carcinomas	  (Gama	  et	  al.,	  2004).	  	  
Interestingly,	   although	   all	   cell	   lines	   showed	   a	   positive	   expression	   for	   E-­‐cadherin,	   only	  
CMT-­‐1m	   and	   CMT-­‐3p	   showed	   membrane	   localization,	   while	   CMT-­‐2p	   showed	   a	   cytoplasmic	  
expression	  pattern.	  This	  observation	  led	  us	  to	  consider	  that	  CMT-­‐2p	  E-­‐cadherin	  was	  probably	  not	  
functional,	   which	   was	   later	   on	   confirmed	   by	   the	   aggregation	   assay.	   In	   fact,	   in	   the	   context	   of	  
cancer,	  E-­‐cadherin	  has	  traditionally	  been	  categorized	  as	  a	  tumour	  suppressor,	  given	   its	  essential	  
role	   in	   the	   formation	  of	  proper	   intercellular	   junctions,	  and	   its	  downregulation	   in	   the	  process	  of	  
epithelial-­‐mesenchymal	   transition	   (EMT)	   in	   epithelial	   tumour	   progression.	   Germline	   or	   somatic	  
mutations	  in	  the	  E-­‐cadherin	  gene	  (CDH1)	  or	  downregulation	  by	  epigenetic	  mechanisms	  have	  been	  
described	  in	  a	  small	  subset	  of	  epithelial	  cancers.	  However,	  recent	  evidence	  also	  points	  towards	  a	  
promoting	  role	  of	  E-­‐cadherin	  in	  several	  aspects	  of	  tumour	  progression	  (Paredes	  et	  al.,	  2012).	  This	  
includes	   preserved	   (or	   increased)	   E-­‐cadherin	   expression	   in	  microemboli	   of	   inflammatory	   breast	  
carcinoma,	   a	   possible	   "mesenchymal	   to	   epithelial	   transition"	   (MET)	   in	   ovarian	   carcinoma,	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collective	   cell	   invasion	   in	   some	  epithelial	   cancers,	   a	   recent	   association	  of	   E-­‐cadherin	  expression	  
with	   a	  more	   aggressive	   brain	   tumour	   subset,	   as	   well	   as	   the	   intriguing	   possibility	   of	   E-­‐cadherin	  
involvement	   in	   specific	   signalling	   networks	   in	   the	   cytoplasm	   and/or	   nucleus	   (Rodriguez	   et	   al.,	  
2012).	  Uyama	  et	  al.	  (2006),	  for	  example,	  evaluated	  E-­‐cadherin	  expression	  in	  canine	  mammary	  cell	  
lines	   derived	   from	   primary	   and	   metastatic	   tissues,	   demonstrating	   that	   metastatic	   derived	   cell	  
lines	  exhibited	  higher	  aggregation	  indices,	  when	  compared	  to	  primary	  derived	  cell	  lines,	  similarly	  
to	   our	   findings.	   In	   fact,	   CMT-­‐1m	   showed	   more	   compact	   aggregates,	   which	   suggests	   that	  
metastatic	  cells	  might	  recover	  E-­‐cadherin	  function	  once	  they	  reach	  the	  metastatic	  niche	  (Uyama	  
et	  al.,	  2006).	  
Moreover,	   it	   was	   interesting	   to	   see	   that,	   functionally,	   CMT-­‐3p	   cell	   line,	   which	   was	  
membrane	   E-­‐cadherin	   positive,	   was	   the	   one	   with	   higher	   rates	   of	   proliferation,	   cell	   death	   and	  
invasive	  capacity,	  whereas	  CMT-­‐2p,	  which	  showed	  non-­‐functional	  E-­‐cadherin,	  showed	  the	   lower	  
levels	  of	  any	  of	  these	  evaluated	  properties.	  Additionally,	  by	  β-­‐casein	  and	  gelatin	  zymography,	  we	  
found	  that	  MMP-­‐7	  and	  MMP-­‐9	  activity	  was	  more	  evident	   in	  CMT-­‐3p	  cell	   line,	  whereas	  CMT-­‐1m	  
and	  CMT-­‐2p	  showed	  higher	  levels	  of	  MMP-­‐1	  and	  MMP-­‐2.	  Indeed,	  it	  has	  been	  shown	  that	  MMP-­‐7	  
activity,	   a	   protease	   implicated	   in	  mammary	   tumour	   growth,	   is	   responsible	   for	   the	   proliferative	  
effects	   in	  Madin-­‐Darby	   canine	  kidney	   (MDCK)	   cells	   (Harrell	   et	   al.,	   2004),	   as	  well	   as	   studies	  with	  
MMP-­‐7	   null	   mice	   provided	   support	   for	   its	   role	   in	   the	   potentiation	   of	   epithelial	   cell	   apoptosis	  
(Powell	   et	   al.,	   1999).	   Additionally,	   it	   has	   been	   demonstrated	   that	   MMP-­‐7	   can	   cleave	   the	  
extracellular	  portion	  of	  E-­‐cadherin,	  demonstrating	  the	  mechanism	  by	  which	  it	  can	  directly	  impact	  
loose	   and	   irregular	   cell-­‐cell	   contacts,	   increased	   cell	  migration,	   loss	   of	   epithelial	   cell	   polarization	  
and	   increased	   cell	   proliferation	   via	   RhoA	   activation	   (Lynch	   et	   al.,	   2010).	   Based	   on	   this	   data	  
concerning	  MMP-­‐7,	  we	  can	   in	  part	  explain	  why	  CMT-­‐3p	  cells,	  despite	  being	  E-­‐cadherin	  positive,	  
show	  high	  levels	  of	  proliferation,	  apoptosis	  and	  invasion.	  Regarding	  MMP-­‐9,	  also	  mainly	  found	  in	  
CMT-­‐3p	   cells,	   it	   has	   been	   described	   that	   it	   can	   play	   an	   important	   role	   in	   malignant	   canine	  
mammary	  tumours,	  being	  their	  levels	  determination	  suggested	  as	  a	  feasible	  method	  for	  detecting	  
neoplastic	  growth	  in	  dogs	  (Aresu	  et	  al.,	  2011).	  
Concerning	  MMP-­‐2	  and	  MMP-­‐1,	   it	  has	  been	  shown	  that,	  when	   these	   two	  proteases	  are	  
co-­‐expressed	   in	   human	   breast	   cancer	   cells,	   these	   facilitate	   the	   assembly	   of	   new	   tumor	   blood	  
vessels,	   the	   release	   of	   tumor	   cells	   into	   the	   circulation,	   and	   the	   breaching	   of	   lung	   capillaries	   by	  
circulating	   tumor	   cells	   to	   seed	   pulmonary	   metastasis	   (Gupta	   et	   al.,	   2007).	   Indeed,	   metastasis	  
capacity	   entails	   numerous	   biological	   functions	   that	   collectively	   enable	   cancerous	   cells	   from	   a	  
primary	  site	   to	  disseminate	  and	  overtake	  distant	  organs.	  This	  can	  mean	  that,	  although	  CMT-­‐1m	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and	  CMT-­‐2p	  cell	   lines	  are	   less-­‐invasive	   in	  Matrigel	   in	  vitro	  assays,	  they	  can	  have	  high	  metastatic	  
potential,	  which	  needs	  to	  be	  further	  evaluated	  in	  vivo.	  
Thus,	  based	  on	  the	  results	  obtained,	  and	  taking	  the	  literature	  into	  account,	  CMT-­‐3p	  seems	  
to	  be	  the	  cell	  line	  with	  the	  most	  aggressive	  phenotype	  and	  in	  vitro	  functional	  behaviour,	  showing	  
characteristics	   highly	   related	   with	   mesenchymal-­‐like	   cells,	   despite	   the	   membrane	   E-­‐cadherin	  
expression.	  In	  contrast,	  CMT-­‐1m	  and	  CMT-­‐2p,	  although	  not	  invasive	  in	  vitro,	  showed	  high	  levels	  of	  
MMP1	  and	  MMP2,	  which	  can	   indicate	  their	  high	  capacity	  to	  metastasize	   in	  vivo	   to	  distant	  sites,	  
which	  needs	  to	  be	  further	  clarified	  in	  the	  future.	  	  
	  
2.	  INVESTIGATING	  THE	  CANCER	  STEM	  CELL	  PHENOTYPE	  OF	  THE	  CANINE	  MAMMARY	  TUMOUR	  CELL	  
LINES	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	  	  
Cancer	  cells	  and	  stem	  cells	  share	  many	  phenotypic	  and	  functional	  similarities,	  such	  as	  the	  
prolonged	   self-­‐renewal	  or	   immortality,	  high	  proliferative	   capacity,	   and	   the	  propensity	   for	   tissue	  
migration.	  These	  similarities	  have	  led	  to	  the	  hypothesis	  that	  tumours	  were	  probably	  organized	  in	  
a	   hierarchy	   of	   heterogeneous	   cell	   populations	   with	   different	   biological	   properties,	   as	   stem	   or	  
progenitor	  cells	  in	  normal	  tissues,	  and	  that	  the	  capability	  to	  sustain	  tumour	  formation	  and	  growth	  
was	   residing	   only	   in	   a	   small	   proportion	   of	   tumour	   cells.	   Such	   cells	   are	   called	   CSCs	   and	   are	  
considered	   to	   be	   critically	   important	   for	   tumour	   proliferation,	   survival,	   invasion	   and	  metastasis	  
(Charafe-­‐Jauffret	  et	  al.,	  2008,	  Ablett	  et	  al.,	  2012).	  
Indeed,	   this	   small	   population	   of	   tumour	   cells	   has	   been	   identified	   in	   several	   cancers,	  
including	  human	  breast	  cancer,	  and	  several	  markers	  have	  been	  defined	  to	  select	  cells	  with	  stem-­‐
cell	  properties,	  as	  CD44,	  CD24,	  ALDH1,	  α6	  and	  β4	  integrins	  (Al-­‐Hajj	  et	  al.,	  2003,	  Ponti	  et	  al.,	  2005,	  
Stingl	  et	  al.,	  2006,	  Ginestier	  et	  al.,	  2007,	  Pontier	  and	  Muller,	  2009,	  Vieira	  et	  al.,	  2012).	  Here,	  in	  this	  
work,	  we	  could	  observe	  that	  CMT1-­‐m	  and	  CMT-­‐2p	  cell	  lines	  were	  the	  ones	  showing	  an	  increased	  
expression	   of	   human	   mammary	   stem-­‐cell	   related	   markers,	   using	   western	   blot	   and	  
immunofluorescence.	  Indeed,	  these	  cell	   lines	  showed	  positivity	  for	  both	  integrins,	  to	  ALDH1	  and	  
to	  CD44v6.	  In	  contrast,	  CMT-­‐3p	  cells	  were	  completely	  negative	  or	  showed	  low	  levels	  of	  all	  these	  
markers.	   However,	   concerning	   CD44s,	   only	   CMT-­‐1m	   and	   CMT3-­‐p	   showed	   positive	   expression,	  
while	  CMT-­‐2p	  presented	  low	  levels,	  only	  detected	  by	  immunofluorescence.	  
Taking	   this	   distribution	   into	   account,	   and	   on	   the	   fact	   that	   CMT-­‐2p	   was	   the	   cell	   line	  
presenting	  low	  invasive	  ability,	  it	  seems	  that	  our	  results	  are	  in	  accordance	  with	  the	  recent	  study	  of	  
Brown	  et	  al.	   (2011)	   that	  demonstrated,	  using	   in	  vivo	  and	   in	  vitro	  models,	   that	   there	   is	  a	  shift	   in	  
CD44v	   expression	   to	   the	   standard	   isoform	   (CD44s)	   during	   the	   acquisition	   of	   the	  mesenchymal	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phenotype	  and,	  consequently,	  during	  the	  EMT	  process	  that	  facilitates	  the	  invasion	  capacity	  in	  the	  
Matrigel	   extracellular	  matrix.	   These	   authors	   also	   refer	   the	   upregulated	   expression	   of	   CD44s	   in	  
high-­‐grade	   human	   breast	   tumours	   (Brown	   et	   al.,	   2011).	   On	   the	   other	   hand,	   there	   are	   studies	  
showing	   the	   association	   between	   CD44s	   expression	   and	   cell	   proliferation	   in	   canine	   mammary	  
tumour	  cell	   lines	   (Blacking	  et	  al.,	  2011),	  which	  also	   is	  very	  well	  correlated	  with	  the	  proliferation	  
results	   obtained	   with	   our	   canine	   mammary	   cancer	   cell	   lines.	   Interestingly,	   an	  
immunohistochemical	   study	   showed	   that	   CD44s	   expression	   was	   more	   upregulated	   in	   benign	  
canine	  mammary	  tumours	  than	  in	  malignant	  ones	  (Paltian	  et	  al.,	  2009).	  
In	   addition,	   using	   flow	   cytometry,	   we	   investigated	   the	   presence	   of	   the	   human	   CSC	  
phenotype	  in	  our	  CMT	  cell	  lines,	  using	  the	  combined	  expression	  of	  the	  cell	  surface	  markers	  CD44	  
and	  CD24	  and	  the	  ALDEFLUOR	  assay.	  Interestingly,	  we	  could	  observe	  that	  CMT-­‐1m	  was	  enriched	  
in	   the	   CD44+/CD24+	   cell	   population	   (>90%),	   being	   CMT-­‐2p	   and	   CMT-­‐3p	   highly	   enriched	   for	   the	  
human	   CD44+/CD24low	   breast	   CSC	   phenotype	   (near	   50%).	   Although	   ALDH1	   expression	  was	   only	  
detected	  in	  CMT-­‐2p	  cells	  by	  western	  blot,	  similar	  levels	  of	  ALDH1	  activity	  were	  found	  for	  the	  three	  
cell	   lines	   using	   the	   ALDEFLUOR	   assay	   (between	   4-­‐7%);	   this	   result	   can	   be	   explained,	   since	   the	  
ALDEFLUOR	   assay	   detects	   the	   activity	   of	   several	   isoforms	   of	   ALDH1,	   while	   western	   blot	   only	  
allows	  the	  detection	  of	  the	  ALDH1A1	  expression.	  For	  the	  future,	   it	  will	  be	  interesting	  to	  develop	  
similar	   ALDEFLUOR	   assays	   using	   different	   but	   more	   specific	   substrates	   that	   will	   allow	   the	  
detection	  of	  the	  exact	  ALDH	  isoenzymes	  expressed	  in	  any	  given	  cell	  type	  (Moreb	  et	  al.,	  2012).	  
Based	  on	  these	  expression	  results,	  we	  can	  confirm	  that	  CMT-­‐3p	  cells	  are	  indeed	  the	  ones	  
harbouring	  a	  more	  aggressive	   in	  vitro	  phenotype,	  despite	   the	  negative	  expression	   for	   the	  stem-­‐
cell	  related	  markers.	  These	  cells	  show	  a	  more	  mesenchymal	  phenotype	  and	  harbour	  high	  levels	  of	  
cells	  with	  the	  CSC	  phenotype	  CD44+CD24-­‐/low	  and	  ALDH1	  activity.	  All	  these	  results	  can	  explain	  the	  
high	  proliferation	  and	  invasion	  capacity	  of	  this	  specific	  cell	  line.	  	  
Concerning	   CMT-­‐2p,	   due	   to	   their	   strong	   expression	   of	   stem-­‐cell	   related	  markers,	   could	  
mean	  that	  this	  particular	  tumour	  was	  originated	  from	  putative	  normal	  mammary	  stem	  cells,	  but	  
did	  not	  acquire	  enough	  mutations	  to	  permit	  the	  acquisition	  of	  a	  high	  invasive	  capacity	  in	  in	  vitro	  
assays.	   Additionally,	   their	   phenotype	   can	  be	  more	   related	  with	   an	   efficient	  metastatic	   cell	   line,	  
due	   to	   the	   possible	   cross-­‐talk	   with	   the	   tumour	   microenvironment,	   than	   with	   a	   high	   invasive	  
phenotype.	  CMT-­‐1m	  seems	  to	  harbour	  a	  mixed	  phenotype	  between	  CMT-­‐2p	  and	  CMT-­‐3p.	  
Very	  recently,	  there	  is	  a	  study,	  in	  canine	  mammary	  tumours,	  that	  showed	  the	  importance	  
of	   ALDH1	   activity	   in	   sphere-­‐forming	   assays	   (that	   measure	   self-­‐renewal	   capacity)	   since,	   in	   its	  
absence,	  the	  cell	  lines	  were	  not	  able	  to	  form	  spheres.	  In	  the	  same	  study,	  the	  authors	  also	  showed	  
that	  the	  population	  of	  cells	  with	  ALDH1	  activity	  were	  enriched	   in	  a	  CD44+/CD24-­‐	  population	  and	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only	   1x104	   cells	   with	   ALDH1	   activity	   were	   sufficient	   for	   tumour	   formation	   in	   all	   injected	   mice	  
(Michishita	  et	  al.,	  2012).	  Although	  in	  our	  study	  we	  were	  not	  able	  to	  perform	  the	  gold	  standard	  in	  
vivo	   tumorigenic	  assays	   in	  nude	  mice,	   inoculating	  different	   cell	  dilutions	  of	   the	  different	   cancer	  
cell	  populations	  sorted	  by	  CD44/CD24	  or	  ALDH1	  activity,	  we	  were	  able	  to	  evaluate	  the	  efficiency	  
of	  the	  different	  cell	  lines	  in	  forming	  mammospheres.	  
	  
3.	  STUDYING	  THE	  ABILITY	  OF	  THE	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	   CANINE	  MAMMARY	  TUMOUR	  
CELL	  LINES	  TO	  GROW	  IN	  ANCHORAGE	  INDEPENDENT	  CONDITIONS	  AS	  SPHEROIDS	  
Dontu	   et	   al.	   (2003)	   have	   developed	   an	   in	   vitro	   cultivation	   system	   that	   allows	   the	  
propagation	  of	  human	  mammary	  epithelial	  cells	  in	  undifferentiated	  state,	  based	  on	  the	  ability	  of	  
cells	   to	   proliferate	   in	   suspension,	   as	   mammospheres.	   These	   authors	   also	   demonstrated	   that	  
spheres	  were	  enriched	  in	  early	  progenitor/stem	  cells	  (Dontu	  et	  al.,	  2003).	  Because	  of	  that,	  in	  the	  
field	   of	   breast	   cancer	   research,	   this	   in	   vitro	   cultivation	   system	   represents	   the	   most	   suitable	  
method	   for	   growing	   and	   enriching	   cultures	   for	   candidate	   tumour	   initiating	   stem	   cells,	   which	  
normally	  harbour	  stem	  cell-­‐like	  properties	  such	  as	  CD44+CD24-­‐/low	   (Ponti	  et	  al.,	  2005)	  and	  ALDH+	  
(Ginestier	  et	  al.,	  2007,	  Charafe-­‐Jauffret	  et	  al.,	  2009b)	  phenotypes.	  	  
This	  methodology	  has	  already	  been	  used	   in	  canine	  mammary	   tumour	  cell	   lines	  and	  was	  
showed	  that	  cells	  obtained	  from	  spheres	  that	  display	  self-­‐renewing	  properties,	  have	  multi-­‐lineage	  
differentiation	  potential,	  could	  generate	  complex	  branched	  tubular	  structures	   in	  vitro	   (Cocola	  et	  
al.,	  2009)	  and	  demonstrate	  high	  capacity	  to	  form	  tumours	   in	  vivo	  (Cocola	  et	  al.,	  2009,	  Michishita	  
et	  al.,	  2010).	  	  
Based	  on	  the	  phenotype	  evaluated	  for	  the	  three	  cell	   lines	  that	  we	  were	  working	  with,	   it	  
would	  be	  expectable	  that	  CMT-­‐2p	  and	  CMT-­‐3p	  would	  be	  the	  ones	  with	  more	  ability	  to	  grow	  in	  the	  
referred	  conditions.	  In	  fact,	  we	  found	  that	  all	  the	  cell	  lines	  showed	  capacity	  to	  grow	  as	  spheroids,	  
although	   CMT-­‐3p	   was	   the	   one	   presenting	   the	   higher	   MFE.	   These	   results	   in	   canine	   mammary	  
tumour	   cell	   lines,	  make	   us	   believe	   that	   there	   is	   no	   relation	   between	   the	   expression	   of	   human	  
stem	   cell-­‐related	  markers,	   such	   as	   α6-­‐	   and	   β4-­‐integrins,	   and	   the	   capacity	   of	   these	   cell	   lines	   to	  
grow	  as	  mammospheres.	  However,	  it	  seems	  to	  occur	  an	  association	  between	  the	  ALDH1	  activity	  
and	   CD44+/CD24low	   phenotype	   and	   the	   capacity	   to	   generate	   mammospheres.	   Indeed,	   some	  
preliminary	  results	  showed	  that	  CMT-­‐1m	  cells	  were	  not	  capable	  to	  form	  new	  spheres	  in	  a	  second	  
generation.	   This	   fact	   is	   in	   accordance	   with	   the	   study	   that	   referred	   the	   importance	   of	   the	   CSC	  
phenotype	  CD44+/CD24low	  to	  generate	  spheres	  in	  anchorage	  independent	  conditions	  (Ponti	  et	  al.,	  
2005).	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4.	   INVESTIGATING	   THE	   LINK	   BETWEEN	   EMT	   AND	   THE	   CSC	   PHENOTYPE	   IN	   CANINE	   MAMMARY	  
TUMOUR	  CMT-­‐1m,	  CMT-­‐2p	  AND	  CMT-­‐3p	  CELL	  LINES	  
Recent	   observations	   imply	   that	   there	   is	   a	   crosstalk	   between	   EMT	   and	   CSC	   properties	  
(Mani	   et	   al.,	   2008,	   Creighton	   et	   al.,	   2010,	  Hayashida	   et	   al.,	   2011,	   Li	   and	   Zhou,	   2011).	   EMT	   is	   a	  
multistep	  process	  in	  which	  cells	  acquire	  fibroblast-­‐like	  properties	  and	  show	  reduced	  intercellular	  
adhesion	   and	   increased	   motility	   (Li	   and	   Zhou,	   2011).	   This	   process	   is	   ultimately	   thought	   to	  
promote	   cancer	   cell	   progression	   and	   invasion	   (Shipitsin	   et	   al.,	   2007,	   Creighton	   et	   al.,	   2010,	  
Hayashida	  et	  al.,	  2011).	  	  
A	   hallmark	   of	   EMT	   is	   the	   loss	   of	   E-­‐cad	   expression	   that	   has	   been	   associated	   with	  
undifferentiated	  breast	  carcinomas	  and	  tumour	  progression	  both	  in	  human	  and	  canine	  mammary	  
cancer	   (Gamallo	   et	   al.,	   1993,	   Yoshida	   et	   al.,	   2001,	   Knudsen	   and	  Wheelock,	   2005,	   Gama	   et	   al.,	  
2008b).	  Recently,	   it	  was	  also	  shown	  that	  activation	  of	  the	  β-­‐catenin	  pathway	   is	  required	  for	  the	  
maintenance	  of	  EMT-­‐associated	  stem	  cell-­‐like	  properties	  (Li	  and	  Zhou,	  2011).	  Additionally,	  it	  was	  
shown	   that	   the	   most	   highly	   invasive	   carcinoma	   cell	   lines,	   that	   lose	   E-­‐cadherin,	   upregulate	   N-­‐
cadherin	   (Hazan	   et	   al.,	   1997).	   Indeed,	   forced	   expression	   of	   N-­‐cadherin	   in	   E-­‐cadherin	   positive	  
breast	  cancer	  cell	   lines	  induced	  an	  invasive	  phenotype	  without	  supressing	  E-­‐cadherin	  expression	  
(Nieman	  et	  al.,	  1999,	  Hazan	  et	  al.,	  2000).	  More	  recently,	  in	  a	  study	  that	  demonstrated	  that	  CD44s	  
expression	  was	  upregulated	  in	  high-­‐grade	  human	  breast	  tumours,	  a	  correlation	  with	  the	  level	  of	  
the	  mesenchymal	  marker	  N-­‐cadherin	  was	  also	  established	  (Brown	  et	  al.,	  2011).	  
Here,	  in	  our	  work,	  in	  order	  to	  confirm	  our	  idea	  that	  CMT-­‐3p	  was	  the	  cell	  line	  harbouring	  a	  
strong	  EMT	  phenotype,	  we	  decided	  to	  study	  N-­‐cadherin	  and	  β-­‐catenin	  expression.	  We	  confirmed	  
that	  CMT-­‐3p	  is	  positive	  for	  the	  expression	  of	  N-­‐cadherin	  and	  β-­‐catenin.	  Coincidently	  or	  not,	  this	  
cell	   line	  was	   also	   the	   one	   that	   showed	   high	   levels	   of	   CD44s	   expression,	  MFE,	   proliferation	   and	  
invasive	  ability.	  Regarding	  CMT-­‐1m,	  we	  observed	  the	  expression	  of	  CD44s,	  β-­‐catenin,	  fibronectin,	  
and	  N-­‐cadherin	   in	  very	   low	   levels.	  Concerning	  CMT-­‐2p,	  the	  cell	   line	  that	  present	  almost	  no	  cells	  
with	   invasive	   capacity,	   there	   was	   no	   expression	   of	   mesenchymal	   markers,	   which	   seem	   to	   be	  
relevant	  for	  the	  invasion	  process.	  
Although	   these	   results	  need	   to	  be	   further	  explored,	   it	   seems	   that	  EMT,	  which	  has	  been	  
highly	   implicated	   as	   the	   critical	   event	   initiating	   cancer	   invasion	   and	   metastasis,	   is	   not	   so	  
associated	  with	  stem-­‐cell	  traits	  that	  some	  cancer	  cell	  populations	  maintain	  in	  high	  levels,	  as	  occur	  
with	   CMT-­‐2p	   cells.	   Similar	   to	   actors	   changing	   costumes	   during	   a	   performance,	   it	   is	   clear	   that	  
cancer	   cells	   undergo	  many	   rapid	   changes	   during	   the	   process	   of	   tumour	   progression,	   including	  
EMT,	  acquisition	  of	  CSC	  properties,	  and	  MET.	  Such	  changes	  allow	  the	  tumour	  to	  compete	  with	  the	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normal	   microenvironment	   to	   overcome	   anti-­‐tumorigenic	   pressures.	   Then,	   once	   tissue	  
homeostasis	  is	  lost,	  the	  altered	  microenvironment	  can	  itself	  become	  a	  potent	  tumour	  promoter.	  
Thus,	  it	  is	  needed	  to	  study	  the	  changes	  that	  cancer	  cells	  undergo	  in	  converting	  from	  EMT	  to	  CSCs	  
in	   a	   tumour	  microenvironment,	   to	  understand	   the	  mechanisms	  behind	   invasion	   and	  metastasis	  
and	  provide	  insights	  into	  prevention	  of	  metastasis.	  
	  
5.	  INVESTIGATING	  THE	  EXPRESSION	  OF	  THE	  CANCER	  STEM	  CELL	  MARKERS	  ALDH1,	  CD44	  AND	  CD24	  
IN	  A	  SERIES	  OF	  CANINE	  MAMMARY	  CARCINOMAS	  	  
Although	  cell	   lines	  constitute	  a	  valid	  model	  in	  cancer	  research,	   in	  vitro	  cell	  growth	  might	  
result	   in	  a	  selection	  of	  clones	  with	  a	  given	  set	  of	  gene	  expressions,	  phenotypical	  characteristics,	  
and	  functions	  adapted	  to	   in	  vitro	  conditions.	  Furthermore,	  cell	  lines	  miss	  the	  important	  role	  that	  
the	  tumour	  microenvironment	  has	  in	  cancer	  biology	  and	  progression	  (Pinho	  et	  al.,	  2012).	  Keeping	  
this	  in	  mind,	  and	  based	  on	  our	  findings	  in	  canine	  cancer	  cell	   lines,	  we	  thought	  to	  investigate	  the	  
relevance	  of	  the	  CSC	  markers	  (ALDH1,	  CD44	  and	  CD24)	  expression	  in	  a	  series	  of	  primary	  tumours	  
of	  the	  canine	  mammary	  gland.	  To	  the	  best	  of	  our	  knowledge,	  there	  are	  no	  studies	  addressing	  the	  
expression	   of	   these	  markers	   in	   canine	  mammary	   tissues,	   with	   the	   exception	   of	   CD44.	   Even	   in	  
human	   breast	   cancer,	   a	   small	   number	   of	   studies	   identified	   the	   CD44+CD24-­‐/lowALDH+	   CSC	  
phenotype	   in	   primary	   tumours,	  with	   investigations	  mainly	   performed	   in	   cell	   cultures	   or	  murine	  
models	  (Al-­‐Hajj	  et	  al.,	  2003,	  Ponti	  et	  al.,	  2005).	  
As	   shown	   in	   the	   results	   section,	   CD44	   was	   commonly	   expressed	   among	   primary	  
carcinomas	  (81.1%	  of	  positive	  cases),	  whereas	  expression	  of	  CD24	  and	  ALDH1	  were	  present	   in	  a	  
minority	   of	   cases	   (4.9%	   and	   35.3%,	   respectively).	   Concerning	   to	   the	   observed	   associations	  
between	  CD44	  expression	  and	  clinicopathological	  variables,	  we	  verified	  that	  this	  protein	  was	  only	  
significantly	  associated	  with	  the	  breast	  cancer	  histological	   type,	  being	  present	   in	  all	  carcinomas,	  
but	   with	   a	   lower	   positivity	   in	   the	   solid	   type.	   Interestingly,	   this	   finding	   is	   in	   accordance	   with	   a	  
previous	   study	   performed	   by	   Madrazo	   et	   al.	   (2009)	   in	   canine	   mammary	   carcinomas,	   which	  
showed	   that	  CD44	  expression	   is	   frequently	   reduced	   in	   this	   tumour	   type	   (Madrazo	  et	  al.,	   2009).	  
Although	   we	   did	   not	   observe	   a	   significant	   association	   between	   CD44	   expression	   and	   the	  
histological	  grade,	  there	  was	  trend	  for	  a	  reduction	  in	  its	  positivity	  from	  differentiated	  (grade	  I)	  to	  
undifferentiated	   (grade	   III)	   carcinomas.	   Madrazo	   et	   al.	   (2009)	   also	   described	   a	   significant	  
reduction	   from	   grade	   I	   to	   grade	   II	   carcinomas;	   however,	   all	   grade	   III	   carcinomas	   evaluated	   by	  
these	   investigators	   showed	   CD44	   expression	   (Madrazo	   et	   al.,	   2009).	   Although	   the	   differences	  
observed	  between	  our	  studies,	  we	  believe	  that	  these	  might	  be	  due	  to	  the	  small	  number	  of	  grade	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III	  cases	  used	  in	  their	  evaluation	  (n=4).	  In	  this	  study,	  no	  association	  was	  also	  found	  between	  CD44	  
expression	   and	   patient	   survival,	   with	   similar	   survival	   rates	   observed	   for	   dogs	   harbouring	   CD44	  
positive	  or	  negative	  carcinomas.	  Indeed,	  Paltian	  et	  al.	  (2009)	  showed	  that	  up-­‐regulation	  of	  CD44	  
appears	   to	   be	   associated	   with	   a	   benign	   biological	   behaviour	   of	   canine	   mammary	   tumours;	  
however,	  no	  survival	  studies	  were	  performed	  in	  this	  study	  (Paltian	  et	  al.,	  2009).	  
It	   is	   known	   that	   CD44	   exists	   as	   distinct	   isoforms,	   and	   several	   splice	   variants	   have	   been	  
studied	   as	   markers	   of	   disease	   and	   progression.	   In	   human	   breast	   cancer,	   several	   studies	   have	  
associated	   the	   expression	   of	   this	   cell	   surface	   protein	  with	   stem-­‐like	   characteristics	   (Park	   et	   al.,	  
2010);	   however,	   the	   role	   of	   this	   protein	   is	   still	   controversial,	   given	   the	   discrepancies	   in	   human	  
research	  literature,	  which	  could	  be	  a	  result	  of	  the	  use	  of	  distinct	  antibodies	  and	  immunostaining	  
conditions,	   or	   reflect	   differences	   in	   cohort	   composition	   and	   number	   (Kim	   et	   al.,	   2011).	   Several	  
human	   breast	   cancer	   studies	   demonstrated	   that	   CD44	   was	   significantly	   expressed	   in	   basal-­‐like	  
tumours	   and	   aggressive	   basal-­‐like	   cell	   lines	   (Honeth	   et	   al.,	   2008,	   Ricardo	   et	   al.,	   2011)	   and	   that	  
CD44	  positive	  cells	   showed	  a	  mesenchymal	  stem	  cell-­‐like	  profile,	  enriched	   for	  genes	   involved	   in	  
cell	  motility,	  proliferation	  and	  angiogenesis	   (Shipitsin	  et	  al.,	  2007).	  On	  the	  other	  hand,	  there	  are	  
studies	  correlating	  CD44	  expression	  with	  better	  survival	  and	  prognosis	   in	  several	  different	  types	  
of	   breast	   cancer,	   demonstrating	   that	   its	   expression	   was	   inversely	   associated	   with	   lymph	   node	  
metastasis	  (Gong	  et	  al.,	  2005,	  Giatromanolaki	  et	  al.,	  2011).	   It	   is	  noteworthy	  that	  the	   largest	  and	  
most	   comprehensive	   studies	   agree	   that	   there	   is	   a	   positive	   correlation	   between	   disease	   free	  
survival	   and	   CD44	   expression	   in	   human	   breast	   cancer	   (Sleeman	   and	   Cremers,	   2007,	   Kim	   et	   al.,	  
2011).	  
Concerning	  CD24,	  and	  to	   the	  best	  of	  our	  knowledge,	   this	   is	   the	   first	  study	  evaluating	   its	  
immunohistochemical	  expression	  in	  canine	  mammary	  carcinomas.	  However,	  in	  our	  study,	  we	  did	  
not	   find	   any	   association	   between	   CD24	   expression	   and	   clinicopathological	   parameters,	   which	  
might	  be	  due	  to	  the	  presence	  of	  few	  positive	  cases.	  Fogel	  et	  al.	  (1999)	  demonstrated	  for	  the	  first	  
time	   that	  CD24	   could	   serve	  as	   a	  marker	   for	  human	  breast	   cancer	   and	   that	   its	   expression	   could	  
play	  an	  important	  role	  in	  the	  metastatic	  process,	  facilitating	  the	  interaction	  of	  tumour	  cells	  with	  
platelets	   or	   vascular	   endothelial	   cells	   (Fogel	   et	   al.,	   1999).	   Subsequent	   studies	   have	   reported	  
membranous	  and	  cytoplasmic	  CD24	  expression	  as	  a	  prognostic	  indicator	  of	  poor	  survival	  in	  breast	  
cancer	  (Kristiansen	  et	  al.,	  2003,	  Sleeman	  and	  Cremers,	  2007,	  Mylona	  et	  al.,	  2008,	  Athanassiadou	  
et	  al.,	  2009).	  Kim	  et	  al.	  (2011)	  verified	  that	  CD24	  expression	  was	  associated	  with	  worse	  prognosis	  
only	   in	   hormonal	   receptor	   positive	   breast	   carcinomas,	   suggesting	   that	   its	   role	   in	   prognosis	  was	  
related	   to	   hormonal	   receptor	   status	   (Kim	   et	   al.,	   2011).	   Other	   studies	   did	   not	   confirm	   these	  
findings	  and	  the	  significance	  of	  CD24	  expression	  remains	  controversial	  (Abraham	  et	  al.,	  2005,	  Li	  et	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al.,	  2010,	  Ricardo	  et	  al.,	  2011).	  These	  contradictory	  results	  could,	  at	  least	  partially,	  be	  explained	  by	  
the	   distinct	   evaluation	   systems	   used	   to	   classify	   CD24	   immunohistochemical	   results,	   which	  
certainly	   affects	   the	   results	   concerning	   both	   the	   identification	   and	   the	   prognostic	   value	   of	   this	  
marker	  (submitted	  for	  publication)..	  
The	  expression	  of	  ALDH1	  was	  observed	   in	  35.3%	   (36/102)	  of	   cases,	  which	   is	  a	   relatively	  
high	   percentage,	   given	   the	   low	   percentage	   values	   described	   in	   human	   studies.	   Ginestier	   et	   al.	  
(2007)	  only	  found	  0.4%	  (2/481)	  positive	  cases	  (Ginestier	  et	  al.,	  2007),	  while	  our	  group	  described	  
7.1%	   (33/464)	   (Ricardo	   et	   al.,	   2011)	   and	   13.3%	   (8/60)	   positive	   cases	   in	   large	   series	   of	   human	  
breast	  carcinomas	  	  (submitted	  for	  publication)..	  	  
In	   this	   study,	   we	   described	   an	   association	   between	   ALDH1	   expression	   and	   histological	  
type,	   with	   ALDH1	   frequently	   present	   in	   tubulopapillary	   carcinomas	   and	   complex	   carcinomas.	  
Similarly,	   our	   group	   also	   found	  ALDH1	   expression	   in	   papillary	   carcinoma	   subtype	   of	   a	   series	   of	  
human	  breast	  carcinomas	  of	  special	  type	  (submitted	  for	  publication)..	  Interestingly,	  in	  our	  study,	  
its	  expression	  was	  inversely	  associated	  with	  lymphovascular	   invasion	  and	  there	  was	  a	  significant	  
positive	  association	  with	  higher	  disease	  free	  survival	  and	  overall	  survival	  rates,	  which	  is	  in	  contrast	  
with	  human	  breast	  cancer	  studies,	  where	  ALDH1	  expression	   is	  significantly	  associated	  with	  poor	  
prognostic	  features	  (Ginestier	  et	  al.,	  2007,	  Croker	  et	  al.,	  2009,	  Morimoto	  et	  al.,	  2009,	  Deng	  et	  al.,	  
2010).	  Although	  the	  present	  study	  does	  not	  confirm	  ALDH1	  marker	  as	  a	  prognostic	  marker	  in	  this	  
animal	   model,	   Michishita	   et	   al.	   (2012)	   has	   recently	   demonstrated	   that	   ALDHhigh	   canine	   cancer	  
mammary	  cells	  are	  highly	  tumourigenic.	  Yet,	  these	  cells	  were	  sorted	  using	  Aldefluor	  assay,	  which	  
is	  not	   specific	   for	  ALDH1A1	  activity.	  Other	  ALDH	   isoenzymes,	   such	  as	  ALDH2,	  are	  also	  detected,	  
which	  opens	  new	  possibilities	  regarding	  other	  ALDH	  families	  (Moreb	  et	  al.,	  2012).	  
In	   our	   study,	  we	   also	   assessed	  ALDH1	   stromal	   expression,	   given	   that	   this	   protein	   is	   not	  
restricted	  to	  tumour	  epithelial	  cells,	  being	  also	  noted	  in	  stromal	  cells	  (Resetkova	  et	  al.,	  2010).	  In	  
addition,	   Resetkova	   and	   co-­‐workers	   (2010)	   recently	   described	   that	   a	   high	   degree	   of	   stromal	  
expression	  was	   significantly	   associated	  with	   best	   disease-­‐free	   survival	   (Resetkova	   et	   al.,	   2010).	  
Although	   we	   have	   not	   found	   any	   significant	   associations	   between	   its	   stromal	   expression	   and	  
clinicopathological	   variables	   or	   survival,	   dogs	   harbouring	   high	   to	   moderate	   stromal	   positive	  
carcinomas	  showed	  a	  better	  disease	  free	  survival	  rates.	  ALDH1	  is	  a	  major	  enzyme	  involved	  in	  the	  
synthesis	  of	  retinoic	  acid,	  which	  shows	  antiproliferative	  activity	  on	  breast	  cancer	  cells	  (Yoshida	  et	  
al.,	  1992,	  Yang	  et	  al.,	  2002).	  This	  study	  performed	   in	  human	  breast	  cancer	   tissues	  suggests	   that	  
the	  tumour	  microenvironment	  may	  be	  as	  important	  as	  tumour	  cells	  in	  determining	  prognosis.	  In	  
addition,	   they	   did	   not	   find	   an	   association	   between	   epithelial	   ALDH1	   expression	   and	   overall	   or	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disease-­‐free	   survival	   rates,	  which	   illustrates	   the	   shortcomings	  of	   cell	   line-­‐based	   studies	   and	   the	  
need	  to	  validate	  the	  data	  on	  tissue	  studies	  	  (Resetkova	  et	  al.,	  2010).	  
It	  was	  recently	  shown	  that	  ALDH1	  breast	  CSC	  marker	  can	  further	  divide	  the	  CD44+/CD24-­‐
/low	  into	  fractions	  that	  are	  highly	  tumourigenic,	  with	  CD44+/CD24-­‐/low/ALDH1+	  capable	  of	  generating	  
tumours	  from	  only	  20	  cells	  (Ginestier	  et	  al.,	  2007,	  Croker	  et	  al.,	  2009).	  Based	  on	  recent	  evidence,	  
that	   support	   the	   thought	   that	   CD44	   and	  CD24	   cell	   surface	  markers	   in	   combination	  with	  ALDH1	  
activity	   is	   the	  most	   accurate	  method	   to	   identify	   and	   isolate	   CSC-­‐like	   cells	   within	   breast	   cancer	  
populations	  (Ginestier	  et	  al.,	  2007),	  we	  have	  analysed	  CD44+CD24-­‐/lowALDH+	  expression.	  Regarding	  
to	  the	  expression	  of	  this	  phenotype,	  we	  observed	  that	  it	  was	  only	  associated	  with	  the	  histological	  
type.	  Interestingly,	  the	  carcinomas	  that	  are	  usually	  associated	  with	  poor	  prognosis,	  such	  as	  solid	  
carcinomas,	   carcinosarcomas	  and	  anaplastic	   carcinomas	  almost	  did	  not	  express	   this	  phenotype.	  
No	  association	  was	  observed	  regarding	  patient	  survival,	  similarly	  to	  CD44	  or	  CD24.	  
Most	   human	   breast	   cancer	   studies	   have	   evaluated	   CSC	   markers	   expression	   in	   invasive	  
ductal	  carcinomas	  not	  otherwise	  specified	   (IDC-­‐NOS)	   (Honeth	  et	  al.,	  2008,	  Ali	  et	  al.,	  2011),	  with	  
special	  subtypes	  usually	  ignored.	  As	  its	  human	  counterpart,	  canine	  mammary	  tumours	  constitute	  
a	   highly	   heterogeneous	   group	   in	   terms	   of	   morphology	   and	   biologic	   behaviour,	   and	   our	   series	  
reflects	   this	   heterogeneity,	   by	   including	   different	   histological	   subtypes.	   This	   allowed	   us	   to	  
demonstrate	   that	   CSC	   markers	   expression	   is	   not	   homogeneous	   amongst	   histological	   types,	  
similarly	  to	  recent	  findings	  in	  human	  breast	  cancer	  (submitted	  for	  publication).	  The	  fact	  that	  our	  
series	   includes	  a	  considerable	  number	  of	  complex	  carcinomas,	  which	  are	  associated	  with	  better	  
prognosis	   and	   associated	   with	   frequent	   CSC	   markers	   expression	   might	   bias	   our	   results.	   Thus,	  
these	  differences	  must	  be	  considered	  in	  future	  studies	  investigating	  the	  clinical	  and	  pathological	  
relevance	  of	  CSC	  markers	  both	  in	  human	  and	  in	  canine	  mammary	  cancer.	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Canine	   mammary	   cancer	   constitutes	   a	   frequent	   disease	   in	   female	   dogs,	   which	   can	  
ultimately	  progress	  to	  metastasis	  and	  death.	  We	  hope	  that	  our	  present	  study	  would	  contribute	  in	  
some	  way	  in	  the	  understanding	  of	  this	  complex	  disease.	  Considering	  our	  initial	  aims	  and	  the	  data	  
presented	  and	  discussed	  herein,	  we	  stress	  the	  following	  main	  conclusions:	  	  
	  
• The	  canine	  mammary	  tumour	  cell	  lines	  characterised	  in	  the	  present	  study	  (CMT1-­‐m,	  CMT-­‐
2p	  and	  CMT-­‐3p)	  might	  represent	  a	  glimpse	  of	  the	  heterogeneous	  cell	  populations	  found	  in	  
canine	   mammary	   cancer	   tumours,	   as	   they	   display	   distinct	   phenotypical	   and	   functional	  
characteristics,	  namely	   in	  their	   invasive	  capacity.	  We	  believe	  that	  these	  cells	  will	  certainly	  
constitute	  a	  valuable	  tool	  in	  future	  canine	  mammary	  biopathological	  research.	  
• Based	  on	  distinct	  methodologies,	  we	  were	  able	   to	  characterise	   the	  CSC	  phenotype	  of	   the	  
cell	   lines	   under	   study,	   revealing	   different	   expression	   patterns:	   CMT1-­‐m	   and	   CMT-­‐2p	   cell	  
lines	   showed	   an	   increased	   expression	   of	   human	  mammary	   stem-­‐cell	   related	  markers,	   by	  
using	  western	  blot	   and	   immunofluorescence;	   on	   the	  other	   hand,	   flow	   cytometry	   showed	  
that	   CMT-­‐2p	   and	  CMT-­‐3p	  were	   highly	   enriched	   for	   the	   human	  CD44+/CD24low	   breast	   CSC	  
phenotype.	  
• Based	  on	  its	  expression	  pattern,	  CMT-­‐3p	  cells	  seem	  the	  ones	  harbouring	  a	  more	  aggressive	  
in	   vitro	   phenotype.	   These	   cells	   showed	   a	  more	  mesenchymal	   phenotype	   and	   harboured	  
high	  levels	  of	  cells	  with	  the	  CSC	  phenotype	  CD44+CD24-­‐/low	  and	  ALDH1	  activity,	  which	  might	  
explain	  the	  high	  proliferation	  and	  invasion	  capacity	  of	  this	  specific	  cell	  line.	  
• All	   the	   cell	   lines	   showed	   capacity	   to	   grow	   in	   anchorage	   independent	   conditions	   as	  
spheroids,	  although	  CMT-­‐3p	  was	  the	  one	  presenting	  the	  higher	  efficiency.	  According	  to	  our	  
results,	   no	   relation	   seems	   to	   exist	   between	   the	   expression	   of	   human	   stem	   cell-­‐related	  
markers,	   such	   as	   α6-­‐	   and	   β4-­‐integrins,	   and	   the	   capacity	   of	   these	   cell	   lines	   to	   grow	   as	  
mammospheres.	   Yet,	   it	   seems	   to	   occur	   an	   association	   between	   the	   ALDH1	   activity	   and	  
CD44+/CD24low	  phenotype	  and	  the	  capacity	  to	  generate	  mammospheres.	  
• Epithelial	   mesenchymal	   transition,	   which	   has	   been	   implicated	   as	   an	   important	   event	   for	  
cancer	  invasion	  and	  metastasis,	  was	  not	  necessarily	  associated	  with	  stem-­‐cell	  traits	  in	  our	  in	  
vitro	  model,	  namely	  in	  CMT-­‐2p	  cells.	  
• By	  analysing	  the	  expression	  of	  CSC	  markers	  in	  a	  series	  of	  canine	  mammary	  carcinomas,	  we	  
have	   observed	   that	   their	   expression	   differs	   across	   distinct	   histological	   types.	   CD44	   was	  
 
Conclusions	  
 
 
 
65	  
frequently	   expressed	   among	   primary	   carcinomas,	   being	   seldom	   found	   in	   solid	   carcinoma	  
subtype.	   CD24	   was	   rarely	   found	   in	   canine	   mammary	   carcinomas,	   with	   no	   statistical	  
differences	   observed,	  when	   compared	   to	   clinicopathological	   parameters.	   Canine	   tumours	  
exhibited	  a	  relatively	  high	  percentage	  of	  ALDH1	  positivity,	  given	  the	  low	  percentage	  values	  
described	   in	   human	   studies.	   ALDH1	   stromal	   expression	   showed	   no	   association	   with	   the	  
evaluated	  parameters.	  
• Epithelial	   ALDH1	   neoplastic	   expression	   was	   significantly	   associated	   with	   the	   absence	   of	  
vascular	  invasion	  and	  to	  better	  survival	  rates.	  The	  results	  obtained	  in	  canine	  tissues	  are	  in	  
contrast	   to	  most	   human	   studies,	   especially	   the	   ones	   using	   in	   vitro	  models.	   These	   results	  
eventually	   point	   out	   the	  weakness	   of	   cell	   line-­‐based	   studies	   and	   the	   need	   to	   validate	   in	  
vitro	  data	  in	  tissue	  studies.	  	  
• Our	  results	  further	  consolidate	  the	  stem	  cell	  theory	  in	  this	  animal	  model;	  however,	   in	  vivo	  
models	   are	  mandatory	   and	   the	   expression	   of	   CSC	  markers	   in	   canine	  mammary	   tumours	  
requires	  additional	  studies	  in	  order	  to	  validate	  the	  present	  findings.	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